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SECTION  I 


INTRODUCTION 

This  is  the  final  report  for  Phases  I  and  II  of  Naval  Research  Laboratories 
(DNA  sponsored)  contract  N00014-78-C-0891 ,  entitled  "Radiation-Hard  n^  Gate 
CMOS/SOS."  The  objective  of  this  program  is  to  develop  n  silicon-gate  comple¬ 
mentary  metal-oxide-semiconductor/silicon-on-sapphire  (CMOS/SOS)  processing 
techniques  for  the  high-yield  fabrication  of  large-scale  integrated  (LSI/VLSI) 
circuits  with  a  broad  range  of  functional  capabilities,  including  random  logic 
and  memory.  The  program  consisted  of  three  phases.  The  objectives  of  Phase  I, 
a  5-monLh  effort,  were  to  define  and  develop  a  radiation-hardened  n^  silicon- 
gate  CMOS/SOS  process  for  a  small-scale  integration  (SSI)  array.  In  Phase  II, 
a  4-month  effort,  RCA  evaluated  the  process  developed  in  Phase  I,  using  LSI  test 
vehicles  (including  LSI  design  rule  vehicles),  and  a  4K  random-access  memory 
(R'\M).  This  evaluation  included  electrical  and  radiation  testing. 

During  Phase  III  RCA  will  continue  development  of  the  n^  gate  rad-hard 
process,  hut  will  concentrate  on  efforts  in  two  areas;  (1)  thin-oxide,  short- 
channel  devices  and  (2)  edge  and  back-channel  leakage  problems. 

Silicon-gate  CMOS/SOS  is  a  technology  that  offers  significant  advantages 
for  certain  military  semiconductor  applications  because  of  its  low  power 
consumption;  high  speed;  high  packing  density;  and  inherent  radiation  hardness 
in  terms  of  latch-up,  transient  upset,  and  single  events.  Like  many  other 
commercial  processes  the  commercial  Si-gate  process  is  very  sensitive  to 
total-dose  radiation.  To  achieve  any  degree  of  total-dose  radiation  hardness 
a  processing  technology  must  use  low-temperature  oxides  without  ever  exceeding 
the  oxidation  temperature  in  subsequent  processing  steps.  Typical  processing 
steps  in  which  post-oxidation  high  temperatures  are  ordinarily  used  are  the 
implant-activation  step  and  the  contoured  field-oxide  operation.  Replacement 
of  these  processes  with  lower-temperature  steps  invariably  has,  in  most  cases, 
an  adverse  impact  on  both  circuit  performance  (speed)  and  yield. 

Circuit  speed  of  CMOS  is  affected  by  the  current-gain  of  the  transistors, 
as  well  as  threshold  voltages  and  interconnect  resistivity.  Implementation  of 
a  rad-hard  Si-gate  process  has  the  greatest  effect  on  threshold  voltage  and 
interconnect  resistivity.  N-channel  threshold  voltages  (V^j^)  are  increased  so 
that  the  devices  do  not  become  depletion-mode  devices  as  radiation  shifts  the 


threshold  in  a  negative  direction.  This  larger  compromises  speed.  The 
polysilicon  interconnect  resistivity  for  the  reduced-temperature  process  is 
large  because  the  post-oxidation  processing-step  temperatures  are  too  low  to 
fully  activate  the  dopant.  This  also  compromises  speed. 

The  differences  in  circuit  yield  between  a  commercial  and  a  rad-hard 
process  are  due  primarily  to  metal  step-coverage  problems.  The  high  tempera¬ 
tures  needed  to  establish  a  good  contoured  field-oxide  are  detrimental  to 
radiation  hardness.  Consequently  no  contoured  oxide  is  used  and  yields  are 
correspondingly  reduced. 

The  goal  of  radiation-hardened  process  development  then  is  to  establish  a 
degree  of  harmony  between  radiation  hardness  on  the  one  hand  and  speed  and 
yield  on  the  other.  Much  of  the  early  work  in  this  area  concentrated  on  a  p^ 
gate  technology.  However,  polysilicon  has  too  high  a  sheet  resistivity  for 
many  high-speed  applications.  Also,  it  has  been  susceptible  to  room-temperature 
instability  problems  in  the  past.  The  present  work  is  an  attempt  to  develop 
an  Si-gate  technology  that  will  eliminate  both  of  these  problems. 
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SECTION  1 1 


SCOPE  AND  OBJECTIVES 

A.  PROCESS  DEVELOPMENT  FOR  THE  GATE 

Originally,  RCA  established  a  hardened  process  technology  using  boron- 
doped  p  polysilicon  gates  for  CMOS/SOS  circuits  [1].  This  p  gate  radiation- 
hardened  process  has  been  employed  for  .the  fabrication  of  LSI  arrays  such  as  a 
292-gate  universal  array  (TCS052),  an  LSI  Lest  cell  (TCS059),  an  8-bit  adder 
(TCS069),  a  p-code  generator  (TCS102),  and  the  Fault  Tolerant  Computer  Test 
Chip  (TCS125).  Arrays  have  operated  and  satisfied  leakage  and  speed  specifi¬ 
cations  after  irradiation  to  10°  rad  (Si). 

Until  now,  results  comparable  to  the  above  achievements  in  radiation 
hardening  have  not  been  obtained  when  the  hardened  process  has  been  modified  to 
fibricale  silicon-gate  circuits,  which  offer  the  advantage  of  greater 
Circuit  speed.  It  is  not  well  established  why  the  previous  n^  silicon-gate 
circuits  have  not  been  hard,  but,  in  principle,  there  is  no  reason  why  an 
gate  iirocess  should  not  produce  circuits  as  radiation-tolerant  as  p^  gate  cir¬ 
cuits.  The  n^  gate  radiation-hardened  process,  described  below,  differs  in  a 
nurni'cr  of  ways  from  a  conventional  CMOS/SOS  process,  and  the  particular  pro¬ 
cessing  steps  that  are  critical  to  radiation  hardening  have  been  identified. 

In  the  n  silicon-gate  radiation-hardened  CMOS/SOS  process,  enhancement¬ 
mode  transistors  are  fabricated  in  the  manner  illustrated  in  Fig.  1.  The  key 
f(’atures  which  lead  to  radiation  tolerance  are  the  low  temperatures,  the  use  of 
all  i on- impl antat i on  doping,  and  the  radiation-hardened  channel  oxide. 

The  CMOS/SOS  fabrication  process  begins  with  the  deposition  of  a  0.5-|Jm- 
thiik  layer  of  silicon  onto  the  polished  (1101)  surface  of  an  annealed  sapphire 
substrate.  The  silicon  is  deposited  by  the  pyrolysis  of  silane  (SiH^) .  The 
as-deposited  impurity  content  is  almost  adequate  for  the  islands  of  the  P- 
channel  devices,  so  that  only  a  light  doping  step  for  the  n-islands  is  used. 

Th('  silicon  islands  are  formed  by  a  wet  anisotropic  silicon  etch  through 
windows  in  a  grown  oxide.  The  p-islands  for  the  n-channel  transistors  are  then 
ion-implanted  with  boron;  a  photoresist  mask  is  used  to  shield  the  n-islands. 

An  anneal  is  needed  after  the  boron  implant. 

The  gate  (channel)  oxide  is  pyrogeni cal ly  grown,  and  then  annealed  in 
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situ. 


PHOSPHORUS 

M  W  M  I  M 

ALUMINUM  _ 


The  silicon  gate  in  the  n  gate  process  is  phosphorus-doped  polysilicon 
deposited  onto  the  gate  oxide.  In  the  radiation-hardened  process  the  phos¬ 
phorus  doping  is  done  during  deposition  to  avoid  a  high-temperature  diffusion 
step.  The  polysilicon  gates  are  then  defined  by  dry  (plasma)  or  wet  chemical 
etching . 

Source  and  drain  self-aligned  electrodes  are  now  made.  The  n-islands  (to 
be  used  for  the  p-channel  transistors)  are  shielded,  and  a  phosphorus  implant 
is  used  to  fabricate  the  n^  source  and  drain  for  the  n-channel  transistors.  In 
a  similar  manner,  the  islands  with  the  now  completed  n-channel  transistors  are 
shielded,  and  a  heavy  concentration  of  boron  is  implanted  to  form  the  p^  source 
.Tud  drain. 

At  this  point  a  thick  (6000-8)  silicon  dioxide  film  is  deposited  (at  about 
350°C)  as  the  field  oxide.  The  source  and  drain  implants  are  then  activated  by 
.1  1  ow-lemperatiire  (850°C)  anneal.  The  contact  holes  are  opened  to  provide 
access  to  the  silicon.  Induction-  or  filament-heated  aluminum  is  evaporated 
and  patterned  for  interconnects.  The  protective  oxide  is  deposited,  and 
honding  pads  are  opened  to  complete  the  chip  fabrication  process. 

K.xccpt  for  a  few  modifications  the  n^  gate  process  is  very  similar  to  the 
p^  gate  process.  The  major  differences  between  the  and  n^  process  are  in 
llie  doping  of  the  polysilicon  and  the  island  doping  (to  compensate  for  the  dif¬ 
ferent  barrier  heights  of  n^  and  p^  poly). 

In  the  n  process  the  silicon  gate  is  doped  with  phosphorus.  The  method 
"t  thf'  p  s  i  1  i  con-gat  t'  process,  in  situ  doping  during  the  deposition,  can  be 
used;  it  is  also  possible  to  dope  the  polysilicon  by  ion  implantation,  which 
can  b('  activated  during  a  later  oxidation  step.  However,  in  situ  doping  is 
preferred,  since  it  is  completely  compatible  with  a  radiation-hardened  process 
and  miiiimixes  the'  number  of  processing  steps.  Furthermore,  with  ion  implanta¬ 
tion  the  tail  of  the  ion  di s t r i btit i on  could  be  in  the  gate  oxide  below  the 
polysilicon.  Control  wafers  are  used  during  the  polysilicon  deposition,  so 
tliat  th('  resistivity  of  the  polysilicon  can  be  measured.  If  the  in  situ  doping 
does  not  produce  a  sufficiently  high  conductivity,  a  shallow  phosphorus  implant 
into  the  n-type  polysilicon  can  also  be  done. 

In  contrast  to  the  horon-doped  silicon-gate  process,  the  phosphorus-doped 
polysilicon  can  be  patterned  by  standard  wet  chemical  etchants,  as  well  as  by  a 
plasma  etching  process.  This  was  felt  to  be  another  significant  positive 


5 


feature  of  the  process,  as  it  was  not  known  if  plasma  etching  affects 
radiation  hardness. 

K.  TCS099  TEST  VEHICLE 

The  TCS099  A/D  converter,  shown  in  Fig.  2,  is  the  process-development 
vehicle  utilized  in  the  Phase  I  process-development  program.  This  MSI  vehicle 
contains  sufficient  devices  and  sufficient  accessibility  to  measure  all  device 
characteristics,  process  parameters,  and  circuit  performance  without 
difficulty.  Table  1  is  a  list  of  devices  included  in  the  TCS099  test  vehicle. 

C.  PHASE  I  OBJECTIVES 

Phase  1  for  this  contract  consisted  of  four  tasks  designed  to  lead  to  a 
radiation-hardened  n^  silicon-gate  CMOS/SOS  process  for  an  SSI  array. 

Task  1  is  the  experimental  design.  Four  lots  of  12  wafers  each  were 
fabricated  witfi  process  variations  we  felt  would  be  most  significant  in  the 
realization  of  a  radiation-hardened  process.  Specifically,  we  evaluated: 

1.  Ion  implantation  vs  in  situ  doping  of  the  polysilicon  gates. 

2.  Heated-substrate  metal  deposition  vs  cold-metal  deposition  (to 
assess  yield  differences  caused  by  poor  metal  step-coverage). 

In  Task  2,  suitable  numbers  of  TCS099  arrays  from  each  lot  were  packaged 
and  radiation-tested  (total  dose). 

Task  .]  consisted  of  the  delivery  of  five  packaged  parts  from  each  of  the 
four  runs  to  NRL. 

Task  4  assessed  the  process  developed  in  this  phase  and  selected  the  LSI 
tf'st  vehicles. 

D.  TCS191  4K  RAM 

The  TCS191  is  almost  identical  to  the  MWS.S114  4K  SOS  RAM  that  RCA  sells  as 
a  commerc  ial  jiart,  except  that  it  is  approximately  l.SX  larger.  (The  5114  is 
the  191  with  a  15%  shrink  on  all  dimensions.)  A  paper  describing  this  circuit 
is  included  as  an  appendix.  The  chip  is  organized  as  1024  4-bit  words  and  laid 
out  in  such  a  manner  that  it  can  be  used  as  a  2K  RAM  if  the  full  4K  part  is  not 
ojx'  ra  I  i  oria  I  . 
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TABLK  1 .  TCS099  ARRAY  CONTENTS  (ALL  DIMENSIONS  IN  MIL 
UNLESS  OTHERWISE  NOTED) 


Chip  Location 


Function 


TCS099A  33  Amplifier 

8  Standard  2-mil  test  transistors  p  and  n;  L  =  0.25,  W  =  2.0, 
Lp  =  2.25,  Wp  =  2.0 

72  30  minimum  area  contacts  (0.25  mil  x  0.25  mil);  A  =  0.625  mil^ 

320  p  epi,  L  =  6.0,  W  =  3.2 

321  n  epi,  L  =  6.0,  W  =  3.2 

2 

37  Poly/metal  capacitor,  A  =  165.60  mil 
7  n  triplet  including  a  matched  pair,  L  =  0.25,  W  =  6.0 

10  n  triplet  including  a  matched-pair  depletion,  L  =  0.25, 

W  =  6.0 

11  p  triplet  including  a  matched-pair  depletion,  L  =  0.25, 

W  =  6.0 

73  p^  poly  resistor,  L  =  5.8,  W  =  1.0 

74  Poly  step  -  20  steps  over  epi 

75  Metal  step  -  26  steps  over  poly 

210  Long-channel  n-depletion  device,  L  =  4.0,  W  =  0.5 

110  Long-channel  p-depletion  device,  L  =  3.0,  W  =  0.5 

6  p  triplet  including  a  matched  pair,  L  =  0.3,  W  =  6.0 


230 

Closed 

n-depletion 

device , 

L 

= 

0.3, 

W  =  3.0 

240 

Closed 

n-depletion 

device. 

L 

= 

0.4, 

W  =  3.3 

250 

Closed 

n-depletion 

device. 

L 

= 

0.5, 

W  =  3.8 

255 

Closed 

n-depletion 

device. 

L 

= 

0.55 

,  W  =  4.0 

260 

Closed 

n-depletion 

device , 

L 

= 

0.6, 

W  =  4.4 

130 

Closed 

p-depletion 

device. 

L 

= 

0.3, 

W  =  3.0 

140 

Closed 

p-depletion 

device , 

L 

= 

0.4, 

W  =  3.3 

150 

Closed 

p-depletion 

device. 

L 

0.5, 

W  =  3.8 

155 

Closed 

p-depletion 

device. 

L 

= 

0.55 

,  W  =  4.0 

160 

Closed 

p-depletion 

device , 

L 

= 

0.6, 

W  =  4.4 
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Mr-it  r* 


Chip  Location 
TCS099B 

15 

82 

80 

9 

83 

84 

85 

86 
87 
42 
41 

17 

18 

77 

78 
76 
16 

TCS099C  21 
103 
1 

31 

2 

4 

5 

TCS099D  20 
23 
22 
19 


TABLE  1.  (Cont.  >2) 

Function 

Protection  zener,  W  =  4.0 
Reference  zener,  V)  =  4.0 
Closed-geometry  oscillator 

Standard-geometry  oscillator  -  6  0 

n  triplet  with  matched  pair,  clamped,  L  -  0.25,  W 

p^  resistor,  L  =  5.8,  W  -  0.6 
p”*”  resistor,  L  =  5.8,  W  =  0.3 
resistor,  L  =  5.8,  W  -  1.0 
poly,  L  =  5.8,  W  =  1.0 
poly,  L  =  5.8,  W  =  1.0 
2R/2R,  L  =  32.8,  W  =  2.0  ^ 

2R/2R  with  trim  tab,  L  =  25.2  (11.33  mil  ) 

n/n  diode,  W  =  3.2 

P/P^  diode,  W.  3.2  -  U  -  3  0 

T-gate  closed  geometry,  L  =  0.3,  -  Wp  - 

T-gate  standard  geometry,  L  =  0.3,  -  Wp  3.0 

Buffer  amplifier 
Six-diode  switch,  W  =  3.6 

Comparator 

Isolated  input  protection 

Clamped  p  triplet  with  matched  pair,  L  =  0.25,  W  -  3. 
Cell  amplifier 

p  triplet  with  matched  pair,  L  =  0.5,  W  =  7.6 

n  triplet  with  matched  pair,  L  =  0.5,  W  =  7.2 

n  triplet  with  matched  pair,  L  =  0.3,  W  =  6.0 

SAR  input  stage 

SAR  NAND  stage 

SAR  NOR  stage 

p-n^  diode  pair,  W  =  36 


ii 

k 
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TABLE  1.  (Cont.  -3) 


Chip  Local i on 


Function 


TCS099D 


24 

+ 

n  epi  n 

diffused 

resistor. 

L  =  3.6, 

W 

=  0.6 

25 

+ 

n  epi  n 

diffused 

resistor. 

L  =  3.6, 

W 

=  0.3 

26 

+ 

n  epi  n 

diffused 

resistor. 

L  =  3.6, 

W 

=  0.9 

12 

Inverter 

standard 

geometry. 

L  =  L 

P  n 

=  0 

.25,  W  =9.0, 
P 

W  =  5.0 


3 

70 

71 

13 

38 


n 

Inverter  closed-geometry  large  device,  L^  =  L^  = 
W  =  8.6,  W  =  17.2 

Inverter  closed-geometry  minimum  device,  L^  =  L^ 

W  =  9.0,  W  =  18.0 
n  p 

Inverter  closed-geometry  minimum  device,  clamped 

L  =  0.25,  W  =  9.0,  W  =  18.0 
n  n  P 

Punch-through  reference  device,  L  =  0.1 

2 

Epi/metal  capacitor,  A  =  523.8  mil 


0.25, 

=  0.25, 


L  = 
P 


NOTES :  ^  ^ 

Ion-implanted  polysilicon  resistors  (73,86,87)  and  p  epi  (83,84,85),  n 
epi  (24,25,26),  and  SiCi'  resistors  (41,42)  are  to  be  used  to  establish  resistor 
value,  degree  of  match,  linearity,  and  power  dissipation. 

Triplets  (6 ,9 , 1 , 2 ,4 ,5)  are  used  as  matched  pairs  and  in  breadboarding 
tetrodes.  These  include  substrate-clamping  test  devices. 

Zeners  have  been  included  (14,15)  for  protection  and  reference  voltage 
sources . 


E.  PHASE  II  OBJECTIVES 

The  objectives  of  Phase  II  were  to  assess  the  n^  process  developed  in 
Phase  I  to  establish  a  baseline  for  the  radiation  tolerance.  This  process  was 
then  to  be  used  to  fabricate  the  TCS191  4K  RAM. 
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SECTION  III 


RESULTS 

A.  METAL  STEP-COVERAGE  YIELD  LIMITATIONS 

At  the  present  time  one  of  the  limiting  factors  in  the  yield  of  radiation- 
hardened  integrated  circuits  is  the  yield  limitation  due  to  metal  step-coverage 
problems . 

In  silicon-gate  CMOS/SOS  circuits  metal  lines  run  over  polysilicon  steps 
as  well  as  silicon  islands.  From  SEM  observations  we  have  concluded  that  the 
poly  step  is  usually  more  severe  than  the  island  step  and  will  be  the  main 
contributor  to  a  reduction  in  yield  due  to  step-coverage  problems. 

We  have  investigated  metal  step-coverage  with  circuits  fabricated  with 
three  different  metal-deposition  conditions.  The  step  coverage  shown  in  the 
scanning  electron  photomicrograph  of  Fig.  3(a)  is  often  observed  over  steps  in 
the  silicon  gate  after  the  standard  aluminum  evaporation  onto  a  room-temperature 
substrate.  What  appears  is  a  deep  fissure  with  a  constriction  in  the  metal 
thickness  at  the  step.  Figure  3(b)  shows  the  same  step  from  another  wafer  that 
had  aluminum  deposited,  but  at  a  wafer  temperature  of  150°C.  Note  in  particular 
that  the  depth  of  the  fissure  has  been  reduced.  No  significance  should  be  at¬ 
tached  to  the  exact  shape  in  these  figures  of  the  step  under  the  metal;  the  step 
consists  of  the  polysilicon  gate  with  the  field  oxide  on  top,  and  the  field  oxide 
was  slightly  etched  during  removal  of  the  SiO^  overcoat  from  the  chip.  Fig¬ 
ure  3(c)  illustrates  the  metal  step-coverage  that  was  achieved  with  magnetron- 
sputtered  aluminum  from  a  Varian*  S-Gun  system.  In  this  case  the  fissure  is  very 
small,  and  very  little  constriction  of  the  metal  at  the  step  is  observed.  The 
results  described  above  suggest  two  potentially  useful  techniques,  which  can  be 
further  investigated  if  we  find  that  improved  step  coverage  is  needed. 

Although  we  expect  hot  metal  to  have  a  negligible  effect  on  radiation 
hardness,  it  is  possible  that  the  sputtered-metal  deposition  process  will 
degrade  the  performance  of  circuits  and  the  radiation  tolerance  of  devices. 

What  we  have  found  is  that  substrate  temperatures  near  300°C  produce  large 
bi as-temperature  shifts  in  capacitors,  so  that  hot  metal  is  not  a  viable  means 
of  providing  good  metal  step  coverage. 

■’'Varian  Associates,  Palo  Alto,  CA. 
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However,  the  use  of  magnetron-sputtered  aluminum  yields  the  best  metal 
step-coverage . 

The  only  drawback  to  magnetron-sputtered  A1  is  that,  under  certain  con¬ 
ditions,  it  can  produce  radiation  damage.  These  conditions  occur  when  the 
ultraviolet  radiation  from  the  sputtering  plasma  is  able  to  impinge  upon  the 
bare  Si02.  More  specifically,  what  is  needed  to  produce  radiation  damage  is 
that  photons  of  8-eV  or  greater  energy  levels  are  able  to  strike  the  Si02  gate 
insulator.  The  use  of  polysilicon  gates  makes  this  virtually  impossible. 
Photons  with  energies  of  >8  eV  are  strongly  absorbed  by  polysilicon,  while 
visible  and  infrared  photons  that  can  penetrate  the  poly  are  not  energetic 
enough  to  create  hole-electron  pairs  in  the  Si02.  The  postirradiation  data 
from  lot  2314  and  all  other  lots  we  have  irradiated  bear  this  out.  These  lots 
are  just  as  hard  as  those  metallized  with  filament  or  In-source  Al. 

To  quantitatively  test  the  step-coverage  problems  associated  with  standard 
In-source  metal,  a  special  test  structure,  specifically  designed  to  give 
information  about  step-coverage  yield,  was  processed.  This  structure  is  shown 
in  Fig.  4  and  is  called  the  process  assessment  (PAS)  array  I2].  Listed  in 
Table  2  are  the  corresponding  dimensions  for  each  mask  level.  The  basic  con¬ 
cept  inherent  in  this  test  structure  is  that  the  number  of  effective  defects 
generated  by  a  particular  process  step  which  are  detrimental  to  the  definition 
of  a  particular  physical  dimension  can  be  determined  by  sequentially  interrogat 
ing  the  defined  pattern.  For  this  reason  the  array  is  laid  out  so  that  an 


Figure  4.  Layout  of  PAS  array  test  chip. 


TABLE  2.  PAS  TEST-CELL  DIMENSIONS 


Level  No. 

Length  (mil) 

Width  (mil) 

2 

400,  800, 

1200,  2400,  4800,  9600, 

14400 

0.25 

4 

200,  400, 

600,  1300,  2400,  4800, 

7200 

0.25 

increasing  number  of  cells  can  be  analyzed,  and  a  pass  or  fail  condition 
determined  as  a  function  of  the  number  of  cells.  The  number  of  cells  acces¬ 
sible  for  analysis  and  brought  out  to  external  pads  are  200,  400,  600,  1200, 
2400,  4800,  and  7200.  The  total  array,  therefore,  contains  14,400  cells.  The 
array  dimensions  are  170  mil  x  200  mil,  permitting  approximately  100  test  chips 
to  be  fabricated  on  a  2-in.  (50-mm)  wafer.  A  3-in.  (75-mm)  wafer  contains  about 
150  arrays. 

The  levels  listed  in  Table  2  can  be  used  individually  or  in  various  com¬ 
binations  to  determine  the  continuity  of  different  types  of  conductors  or  the 
interaction  of  one  layer  with  another.  Since  we  were  interested  only  in  metal 
continuity  and  metal-to-epi  as  well  as  metal-to-poly  shorts,  we  used  only 
levels  2  and  4  (0.25-mil  metal).  The  test  lot  was  divided  into  three  experi¬ 
ments.  Four  wafers  were  controls  -  only  level  4  (metal)  was  used.  This  gives 
long  metal  lines  on  bare  sapphire.  Four  wafers  had  level  2  (epi)  and  level  4 
(metal).  This  gives  metal  over  epi  that  has  a  gate  oxide  and  field  oxide. 

Four  wafers  had  level  2  (poly)  and  level  4  (metal).  This  gives  metal  over  poly 
with  field  oxide. 

The  results  of  this  experiment  are  shown  in  Fig.  5.  Here  we  have  plotted 
the  yield  in  percent  as  a  function  of  the  number  of  crossovers  (poly  or  epi). 

The  individual  data  points  are  yield  averaged  over  one  wafer.  The  bands  shown 
represent  the  yield  obtained  over  the  whole  lot.  Data  between  15K  crossovers 
and  40K  crossovers  are  extrapolated. 

Since  a  4K  RAM  has  approximately  40K  crossovers,  we  can  estimate  the 
yield-limiting  factor  due  to  no  reflow  in  a  4K  RAM  from  this  figure.  What  the 
figure  shows  is  that  (1)  the  poly  step  is  the  most  severe,  confirming  our 
earlier  observations,  and  (2)  the  yield  factor  due  to  metal  step-coverage 
problems  is  only  22-28%.  The  total  yield  of  the  process  would  be  this  number 
multiplied  by  other  yield  factors,  such  as  contact  continuity  yield.  Note 


SAPPH  t  R  E 


STEP-COVERAGE  ^ 

YIELD  (PAS  ARRAY) 

RAD-HARD  FIELD  OXIDE  (NO  REFLOW)' 


40  0 
J 
IJ 

30  > 


NUMBER  OF  CROSSOVERS 

Figure  5.  Step-coverage  yield  as  a  function  of  the  number  of 
crossovers  in  the  PAS  arrav. 


that,  without  any  epi  or  poly  on  the  wafer,  the  yield  is  only  42-50%.  Pre¬ 
sumably  this  is  caused  by  such  factors  as  loss  by  etching  or  particles  on  the 
surface.  The  use  of  better  metal  etching  techniques  and  also  a  cleaner 
fabrication  facility  (soon  to  be  operational)  should  increase  this  number. 
However  the  "bottom  line"  in  the  analysis  of  this  process  is  that  the  use  of  a 
iionreflowed  field  oxide  is  going  to  limit  severely  the  yield  of  any  rad-hard 
[trocess.  Therefore  it  is  important  that  future  work  in  this  area  be  directed 
toward  developing  a  low-temperature  contoured  field  oxide. 

R.  POLYSILICON  DEFINITION 

Defining  the  polysilicon  is  a  critical  step  in  a  self-aligned  process 
because  the  gate  is  usually  of  the  minimum  design-rule  width  and  because  that 
width  determines  the  gain,  and  thus  the  circuit  speed,  of  the  MOS  circuit.  N^ 
polysilicon  is  defined  by  three  methods:  KOH  wet  chemical  etch,  "S-etch",*  and 
plasma  etching.  For  fine  geometries  plasma  etching  appears  to  be  the  way  of 


■■’•S-etch  is  a  proprietary  RCA  wet  etchant. 
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the  future,  although  at  the  present  time  not  all  plasma  reactors  are  equally 
good  for  etching.  KOH  etching  is  definitely  inferior  to  plasma  etching  because 
of  undercutting  and  lifting  of  the  photoresist,  but  S-etch  appears  to  do  a 
fairly  good  job  in  comparison  with  plasma  etching  at  the  present  time.  For  the 
present  work  KOH  etch  and  plasma  etching  were  used  for  the  initial  runs,  but 
plasma  etching,  because  of  its  superior  etching  characteristics,  was  used  for 
all  the  later  runs  that  will  be  reported.  Comparative  radiation  measurements 
on  KOH-  and  plasma-etched  poly  devices  show  no  additional  degradation  in 
hardness,  so  we  feel  that  plasma  etching  is  quite  compatible  with  rad-hard 
processing  requirements. 

C.  POLYSILICON-DOPING  TECHNIQUES 

Doping  of  n^  polysilicon  by  POCl^  is  not  permitted  in  rad-hard  processing 
because  of  the  high  temperatures  required.  The  ideal  solution  would  probably 
be  an  in  situ-doped  LPCVD  polysilicon  process.  However,  that  was  not  available 
at  the  time  this  work  was  done.  Our  best  guess  as  to  the  most  workable  solu¬ 
tion  was  to  use  in  situ-doped  atmospheric-pressure-CVD  polysilicon.  Atmospheric 
CVD  does  not  give  totally  uniform  polysilicon  thickness  because  of  the  strong 
dependence  of  growth  rate  on  temperature  and  the  use  of  rf-heated  susceptors. 

So,  although  an  atmospheric-pressure-CVD  system  might  give  good  results  with 
in  situ-doped  poly,  if  one  were  to  grow  intrinsic  poly  and  then  dope  it  by  ion 
implantation,  the  nonuniform  thickness  thus  obtained  might  produce  ion  penetra¬ 
tion  into  the  gate  oxide. 

Lot  112,304  (TCS099)  was  fabricated  to  test  these  different  doping  schemes. 
Four  wafers  received  in  situ-doped  poly  (sublot  A).  Four  wafers  received 
intrinsic  polysilicon  gates,  which  were  then  implanted  with  phosphorus  (150 
keV,  4.5x10^^  cm  (sublot  C) .  Four  received  highly  in  situ-doped  poly  with 
the  same  implant  as  C  (called  sublot  B) .  All  gates  were  plasma-etched. 

All  chips  tested  were  irradiated  in  the  1-MeV  Van  de  Graaff  electron 
accelerator.  In  interpreting  threshold  shifts  in  the  following  illustrations, 
note  that  these  data  were  obtained  from  a  very  high-dose-rate  source  (10^ 
rad/s).  Based  upon  past  experience,  we  expect  ^^Co  threshold  shifts  to  be 
approximately  60%  of  the  Van  de  Graaff  shifts. 

Figure  6  shows  preirradiation  inverter  characteristics  for  inverter  //12 
(s('v  Fig.  2)  on  chips  from  the  three  [oocess  variations  discussed  above.  All 
three  process  variations  resulteci  in  less  than  1  nA/mil  of  subthreshold  leakage 
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Figure  6.  Preirradiation  inverter  characteristics,  1^  vs 
(Ip  plotted  on  square-root  and  log  scales.) 


current.  The  threshold  voltages  were  designed  to  be  =  2.0  V  and  V.pp  =  1.0 
V,  but  as  the  figure  shows,  these  were  not  achieved  for  any  of  the  process 
variations . 

The  data  from  Van  de  Graaff  radiation  tests  are  shown  in  Figs.  7-9.  As 
these  figures  show,  the  poly  doped  totally  in  situ  and  the  implanted  poly  are 
quite  hard  and  very  much  harder  than  the  poly  that  was  lightly  doped  in  situ 
and  subsequently  implanted,  ;v  15  V  at  10°  rad.)  Process  A  has  a  postrad 

suhthreshold  n-channel  leakage  current  of  less  than  1  pA/mil;  process  B,  of 
about  1  nA/mil.  In  addition,  the  sheet  resistivity  of  the  poly  in  all  the 
three  sublots  was  low.  For  A,  pO  =  22  ft/Of ;  for  B,  pO  =  42  Q/D;  and  for  C,  pD 
=  64  Q/D. 

Subsequent  measurements  of  and  V.^p  across  a  diameter  of  two  wafers 
from  each  lot  showed  wafers  from  process  C  (in  situ  plus  implant)  to  have  a 
grossly  nonuniform  distribution  in  threshold  voltages.  We  conclude  that  these 
wafers  had  a  gross  nonuniformity  in  poly  thickness,  enabling  the  implanted 
phosphorus  to  penetrate  the  poly.  This  probably  also  explains  the  poor  radia¬ 
tion  hardness. 


( m  A ) 


Figure 


Figii 


7.  Pre-  and  postirradiation  inverter  characteristics,  vs 
V-,  process  A.  Parameters  on  curves  are  total  dose  in 

(j 

rad.  (Ip  plotted  on  square-root  and  log  scales.) 


8.  Pre-  and  posLirradial ion  inverter  characteristics,  Ip  vs 
V  ,  process  B.  Parameters  on  curves  are  total  dose  in  rad 


Figure  9.  Pro-  <iii(l  postirradiaLion  inverter  characteristics,  vs 

V^,,  process  C.  Parameters  on  curves  are  total  dose  in  rad. 

From  tlioso  experiments  we  concliuie  that  both  in  situ-doped  poly  and 
iinpl.uited  poly  can  be  used  in  a  hardened  process,  although  the  sheet  resis¬ 
tivity  ot  in  situ-doped  poly  is  lower.  The  hardness  oi  the  implanted  poly 
siiiji.’,est  s  that  implanted  LPCVD  poly  might  be  a  good  intermediate  step  to  take 
he (ore  in  situ-doped  hPCV'D  poly  becomes  a  reality.  This  would  improve  step- 
rovc'rago  yield  and  give  a  conductor  with  acceptable  lonductivity. 

FoNlKOl,  OF  BACK-CH.'iNNEI,  LF.AK.AGF,  BY  ION  IMPLANTATION 

One  of  the  limiting  factors  in  the  use  of  CMOS/SOS  in  radiation  environ¬ 
ments  is  the  pos 1 1 rrad i at i on  "back-i hanne 1 "  leakage  caused  by  charge  trapping 
in  the  sapphire'.  Although  this  leakage  can  be  controlled  liy  hydrogen  firing  of 
the  sappfiire,  this  me’thod  does  not  work  100%  of  the  time.  Another  way  to 
minimize  this  current  is  to  heavily  dope  the  silicon  at  the  Si/sapphire  inter- 
fuc  f'y  ion  implantation.  The  following  expe'riment  il  lust  rate's  tlie  effective- 
lu'ss  of  siufi  a  scheme. 
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Onr  half  of  a  lot  was  processed  in  the  normal  fashion,  which  for  the  p- 
island  consists  of  two  implantation  steps  followed  by  a  1050°C  implant  anneal. 
The  other  half  of  the  lot  was  processed  without  the  1050°C  anneal.  The  implant 
schedule  for  the  p-island  is  as  follows; 

•  150  keV  boron,  3x10^^  cm  ^ 

•  35  keV  boron,  2x10^^  cm  ^ 

The  150-keV  deep  implant  is  to  dope  the  Si/sapphire  interface  so  heavily 
that  back-channel  leakage  is  suppressed.  However,  with  the  1050°C  anneal,  this 
implant  could  get  redistributed  to  the  point  where  any  benefits  it  was  intended 
to  hav('  would  be  negated.  The  results  of  this  experiment  can  be  seen  clearly 
in  Figs.  10  and  11.  Figure  10  shows  inverter  characteristics  for  an  inverter 
before  and  after  *’^Co  irradiation  to  10^  rads.  The  curves  are  plotted  on  both 
a  square-root  and  log  scale  to  show  different  features  of  the  curves.  While 
these  circuits  can  he  classified  as  fairly  hard  in  terms  of  threshold-voltage 
shift,  there  is  a  substantial  increase  in  leakage  current  after  irradiation. 

One  component  which  dominates  the  n-channel  device  at  0  V  is  the  edge  leakage, 
noticeable  as  a  "kink"  in  the  I-V  characteristic  at  0  V.  The  other  back- 
channel  current  is  characterized  by  a  nearly  constant  level  from  -1  V  and  below. 


Figure  10.  Pre-  and  post i rradiat ion  inverter  characteristics  for 
a  normally  processed  wafer. 
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Figure  11.  Pre-  and  postirradiation  inverter  characteristics  for  a 
wafer  processed  without  the  1050°C  implant  drive-in. 

Figure  11  shows  the  same  type  of  curves  from  a  wafer  without  a  1050°C  anneal  or 
drive-in.  Here  the  edge  leakage  is  still  present,  but  the  back-channel  leakage 
is  reduced  hy  two  orders  of  magnitude  below  that  of  the  control  (Fig.  10). 

While  one  experiment  is  by  no  means  definitive,  we  are  encouraged  by  the  results 

K.  FVALUATION  OF  BASELINE  HARDENED  PROCESS 

The  "bottom-line"  in  radiation  hardness  is  determined  by  several  things. 
With  the  n-channel  device  it  is  important  that  the  initial  threshold  be  low 
(’iu)iigh  to  preserve  switching  speed  and  noise  immunity.  After  irradiation  the 
tlireshold  usually  shifts  in  a  negative  direction,  so  that  the  important  factor 
is  whether  the  device  "goes  depletion"  and  draws  large  currents  at  =  0  V. 

With  the  p-channel  device  the  threshold  also  tends  to  shift  in  a  negative 
direction  under  irradiation,  so  that  the  important  postirradiation  criterion  is 
the  magnitude  of  AV.j,p;  if  AV^p  exceeds  a  certain  value,  switching  speed  and 
noise  immunity  will  not  be  preserved. 
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With  the  CMOS/SOS  process,  control  of  initial  threshold  voltage  is  not  as 

good  as  with  hulk  CMOS.  Typically  the  CMOS/SOS  process  shows  a  "spread"  in 

of  about  0.7  V  and  a  spread  in  V.j.p  of  about  0.5  V.  Thus,  to  optimize  the 

process  we  can  make  as  low  as,  say,  0.75  V.  For  the  n-channel  device  we 

1  ‘  6 

typically  expect  to  be  less  than  2.0  V  after  10  rad  of  ionizing 

radiation.  Thus  setting  =  2.0  V  will  result  in  having  most  n-channel 

transistors  remain  enhancement  mode  after  irradiation.  Note,  however,  that  all 

this  neglects  subthreshold  and  edge  leakage  that  may  result  in  large  currents 

at  V'  =  0  V  even  with  V„,,  J  0  after  irradiation.  Simulations  done  on 
b  IN 

worst-case  failure  modes  in  a  IK  RAM  (TCS150)  have  shown  that  the  circuit  can 
tolerate  3  pA/mil  of  n-channel  leakage  at  =  0  V  before  it  develops  a  soft 
error.  Based  on  the  above  arguments  one  can  establish  the  following  criteria 
for  radiation  hardness: 

TABLE  3.  CRITERIA  FOR  RADIATION  HARDNESS 

n-channel:  <  3  pA/mil  to  10^  rad  =  2.0  V) 

p-channel:  AV.j,p  <  3  V  to  10^  rad  (V^pp^  =  0.75  V) 

The  threshold  shift  criterion  for  the  p-channel  is  based  on  observed 
m.ixiniiim  shifts  and  a  guess  at  the  maximum  Vpp  tolerable  for  high-speed  opera¬ 
tion.  The  summary  of  the  radiation  data  is  shown  in  Table  4. 

Using  the  hardness  criteria  shown  in  Table  4,  45%  (5/11  lots)  are  hard  to 
10^^  rad.  Note,  however,  that  the  initial  threshold  voltages  of  the  n-channel 
df'vices  are  nominally  1.0  V.  This  is  too  low  for  the  present  process.  If  we 
could  adjust  all  the  n-channel  thresholds  to  2.0  V,  then  the  leakage  current  at 
0  V  would  he  ((uite  different  for  some  lots.  With  this  revised  threshold  we 
find  that  82%  (9/11  lots)  could  be  hard  —  a  quite  acceptable  figure. 

The  problem  of  the  low  initial  threshold  voltage  can  be  fixed  by  increas¬ 
ing  the  doping  of  the  p  well.  However,  with  SOS  technology  there  is  another 
problem  regarding  initial  threshold  voltages:  the  variability  in  initial 
threshold  voltage  from  lot  to  lot.  This  is  illustrated  in  Fig.  12  for  the 
rad-haril  n^  and  p^  gate  processes.  Most  of  this  variation  appears  to  be  due  to 
defects  in  the  starting  material.  Fortunately,  a  screening  technique  has  been 
developed  which  significantly  reduces  this  spread;  we  will  be  applying  this 
procedure  to  try  and  minimize  the  spread. 
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Figure  12.  Initial  threshold  voltage  uniformity  (lot  to  lot)  as  a 

function  of  chronological  order  of  processing  (lot  number). 

F.  ELECTRICAL  TESTING  OF  4K  RAMs 

In  accordance  with  our  program  to  develop  a  rad-hard  n^  gate  process,  the 
TCS191,  CMOS/SOS,  4K  memory  was  chosen  as  a  viable  candidate  to  demonstrate  the 
feasibility  of  hardening  a  memory  device  by  means  of  the  present  gate  rad- 
hard  process.  The  191  is  the  original,  unshrunk  5114,  which  is  now  being  made 
at  RCA  Palm  Beach  Gardens  (PBG)  as  a  commercial  product.  The  size  reduction 
amounts  to  about  15%.  The  Appendix  contains  a  publication  by  the  RCA  designers 
of  the  NWS  5114  that  describes  in  detail  the  design  of  this  memory.  The  5114 
contains  22,553  transistors  in  a  20-mm^  area  and  is  organized  as  1024  4-bit 
words.  This  degree  of  complexity  ensured  that  any  success  in  hardening  of  the 
demonstration  vehicle  would  provide  a  very  strong  case  for  achieving  our 
contract  objectives.  Obviously,  this  anproach  could  not  be  expected  to  achieve 
a  reasonable  yield  of  operational  4K  memories,  since  the  original  design  para¬ 
meters  did  not  take  into  account  the  requirements  of  a  radiation  environment. 

All  of  the  electrical  testing  was  carried  out  on  the  Teradyne*  memory 
tester,  a  very  complex  and  expensive  IC  tester  designed  especially  for  testing 
memory  devices.  Three  lots  of  the  TCS191  were  processed  at  SSTC,  Somerville, 

"Memory  tester  made  by  Teradyne  Inc.,  Boston,  MA. 
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and  wafer  probing  of  the  three  lots  was  carried  out  on  the  Teradyne  tester, 
at  Princeton,  with  the  help  of  a  test  program  originally  designed  to  test  the 
Palm  Beach  production  device,  namely,  the  MWS  5114  memory.  Figure  13  is  the 
flow  chart  of  the  test  program.  The  original  program  was  modified  to  perform 
tests  at  a  voltage,  of  10  V  (instead  of  the  usual  5  V)  and  also  to  elimi¬ 

nate  some  of  the  program  steps.  The  wafer-probing  tests  indicated  that  lot 
2660  had  nine  potential  4K  memories,  lot  2581  had  mostly  2K  memories,  and  lot 
#2548  did  not  yield  any  type  of  operating  device.  Apparently  some  type  of 
processing  mistake  had  occurred  during  the  fabrication  of  this  lot.  Four  suc¬ 
cessful  4K  memories  were  obtained  from  the  potential  nine  samples  from  lot 
#2660  and  one  4K  from  lot  #2581.  A  new  test  program  was  written  in  place  of  the 
original  program  to  conduct  initial  and  postradiation  measurements  at  the 
of  10  V. 

G.  RADIATION  TESTING  OF  4K  RAMs 

The  ^^Co  source  located  at  RCA  Somerville  was  used  to  expose  the  memory 
samples;  then  the  samples  were  transported  in  a  container  of  dry  ice  to  the 
Laboratories  at  Princeton  for  measurement  on  the  Teradyne  tester.  Devices 
which  required  exposures  and  measurements  extending  over  several  days  were 
stored  at  dry-ice  temperature.  This  technique  guaranteed  the  continuity  of  the 
exposures,  and  the  prevention  of  annealing  during  transportation  and  storage 
hf'tween  exposures.  In  addition,  six  samples  of  the  commercial  product,  MWS 
)114,  were  tested  at  the  same  time  and  in  the  same  manner  as  the  TCS191 
devices,  but  at  a  of  5  V.  These  test  samples  served  as  a  good  reference 
Hid  clear  demonstration  of  the  hardness  achieved  in  the  rad-hard-processed 
TCS191  devices  under  the  same  test  conditions  of  exposure  to  radiation  and 
r  iit'spqiient  measurement.  All  samples  were  exposed  with  input  and  control  lines 
high,  and  with  a  stored  pattern  during  the  exposure,  which  was  random.  A 
preferred  pattern  was  probably  established  as  the  dose  accumulated,  since  it 
has  been  shown  that  the  inverters  of  the  storage  cell  will  tend  to  turn  on  in 
the  same  state  as  the  dose  accumulates  and  the  threshold  voltages  shift. 

Table  5  summarizes  the  results  obtained  with  the  five  samples  of  the 
TCS191.  We  have  listed  the  maximum  standby  leakage  current  and  the  access 
times  measured  with  March,  Address  Complement,  and  Galpat  test  patterns  as  a 
function  of  dose.  The  program  first  used  a  March  pattern  for  a  gross  func¬ 
tional  test.  If  the  device  passed,  it  then  used  other  patterns  to  carry  out 
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TABLE  5.  EFFECTS  OF  '""'Co  IRRADIATION  ON  RAD-HARD  TCS191, 

4K  MEMORIES  PROCESSED  AS  GATE  DEVICES 

Address 

Lot  (#)  and  Dose  Max  Standby  March  Galpat  Complement 

Sample  (No.)  (krad)  I^q  (pA)  Access  (ns)  Access  (ns)  Access  (ns) 

#2660 

No.  1 

0 

265 

316 

317 

220 

fa 

2047 

344 

357 

243 

50 

2047 

410 

496 

265 

100 

366 

300 

308 

226 

200 

357 

371 

377 

268 

500 

334 

572 

577 

384 

1000 

Failed 

2 

0 

251 

498 

Not  measured 

325 

10 

Failed 

150 

311 

Not  measured  Not  measured 

320 

300 

Failed 

4 

0 

474 

461 

480 

308 

10 

1870 

475 

514 

300 

50 

Failed 

150 

548 

451 

500 

301 

300 

Failed 

6 

0 

298 

362 

383 

247 

10 

1912 

376 

429 

255 

50 

2047 

396 

470 

270 

100 

383 

345 

378 

242 

200 

369 

449 

449 

274 

500 

350 

583 

647 

376 

1000 

Failed 

#2581 

No.  10 

0 

492 

307 

308 

22] 

100 

Failed 

additional  functional  tests  and  also  various  parametric  measurements.  Table  5 
shows  that  samples  2  and  4  failed  after  (low)  doses  of  10  and  50  kilorads, 
respectively.  However,  both  samples  recovered  and  passed  most  of  the  tests 
after  exposure  to  150  krad.  These  samples  failed  once  more  after  exposure  to 
300  krad,  probably  due  to  the  growth  of  negatively  charged  interface  states, 
which  caused  the  n-channel  threshold  voltage  to  turn  around  and  increase. 
Examination  of  the  Teradyne  test  data  indicates  that  samples  No.  2  and  4  were 
only  marginal  devices  before  exposure.  For  example.  No.  2  did  not  pass  the 
Galpat  or  Walk  tests,  and  No.  4  was  slower  than  either  No.  1  or  6,  which  turned 
out  to  be  the  hardest  samples.  As  can  also  be  seen  from  Table  5,  the  behavior 
of  the  leakage  current  correlates  with  the  turn-about  behavior  of  the  n-channel 
threshold  voltage.  Failure  levels  range  from  10^  to  10^  rad  and  are  comparable 
to  those  of  the  TCS150,  CMOS/SOS  IK  memory,  fabricated  with  the  p^  gate 
rad-hard  process. 

Six  samples  of  the  commercial  product  MWS  5114,  4K  memory  were  irradiated 
at  RCA  Somerville  and  measured  at  RCA  Laboratories  in  the  manner  described  for 
the  TCS191.  These  samples  provided  a  sharp  contrast  with  the  rad-hard  191 
samples,  which  were  identical  except  for  the  size  difference.  Table  6 
summarizes  the  results  of  the  tests.  The  maximum  standby  leakage  current  and 
the  access  time  measured  with  a  March  pattern  are  listed  as  a  function  of  dose. 
The  test  program  used  in  these  tests  was  the  standard  program  designed  for  the 
Palm  Beach  products.  The  standby  current  was  measured  for  several  test 
patterns,  for  example,  checkerboard,  checkerboard  bar,  all  O's,  all  I's, 
alternate  rows,  alternate  rows  bar,  alternate  columns,  and  alternate  columns 
bar.  We  have  selected  the  maximum  value  independent  of  pattern.  It  can  be 
seen  that  failure  doses  range  from  8  to  12  krad,  in  contrast  to  the  100-1000 
krad  for  the  rad-hard  191  memories;  thus,  the  hardness  improves  by  at  least  an 
order  of  magnitude. 

It  appears,  from  the  data  of  Table  5,  that  leakage  current  did  not  cause 
failure  of  the  191  memories,  since  the  final  values  were  not  significantly 
larger  than  the  initial  values.  This  was  not  suprising,  since  the  191  storage 
cell  utilizes  a  p-channel  rather  than  an  n-channel  Read/Write  transistor;  the  n 
type  would  have  made  it  more  sensitive  to  leakage  current.  Threshold  voltage 
shifts  were  probably  responsible  for  some  of  the  storage-cell  locations  failing 
the  functional  test  patterns.  To  obtain  further  insight  into  the  failure 
mechanism  and  to  classify  the  hardness  of  the  three  lots  of  memory  devices. 


TABLE  6.  EFFECTS  OF  Co  IRRADIATION  ON  MWS  5114  4K  MEMORIES  MADE 

AT  RCA  PALM  BEACH  GARDENS  WITH  A  COMMERCIAL  n  GATE  PROCESS 


Sample  No. 


Dose  (krad) 


Max  Ipjj 
Standby  (pa) 


March,  V  =  5  V 
cc 

Access  Time  (ns) 


Failed 


Failed 


Failed 


Failed 


Failed 


Not  measured  but  passed 
gross  functional  test 


Not  measured  but  passed 
gross  functional  test 


Failed 
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inverter  measurements  were  made  with  test  devices  contained  on  wafers  of  the 
processed  lots.  Each  wafer  contained  two  inverters;  these  were  packaged  and 
radiation- tested . 

Table  7  summarizes  the  results  by  listing  the  mean,  minimum,  maximum,  and 
a  of  the  inverter  sample  distributions  of  initial  threshold  voltage  and  voltage 
shifts  as  a  function  of  cobalt-60  total  dose.  There  were  several  samples  that 
showed  evidence  of  a  turnabout  in  the  n-channel  threshold  after  about  500  krad, 
but  in  general  this  effect  was  not  significant.  Examination  of  these  results 
indicates  that  inverters  from  lots  #2660  and  2581,  from  which  the  4K  test 
samples  originated,  shifted  into  depletion  after  about  100  krad,  whereas  those 
from  lot  #2548  did  not  do  so  until  a  dose  of  500  krad  was  achieved. 

A  similar  set  of  measurements  was  made  with  inverters  from  wafers  pro¬ 
cessed  at  RCA  Palm  Beach,  and  thus  characteristic  of  the  MWS  5114  memories. 
Table  8  lists  these  results  for  two  lots  and  seven  inverter  samples  for  total 

doses  of  4,  8,  and  12  krad.  The  contrast  of  these  results  compared  to  those  in 

Table  4  is  very  sharp  and  indicative  of  the  hardness  of  the  n^  gate  rad-hard 
process  relative  to  the  n^  gate  standard  process.  The  dose  ratio  for  a  of 

'^1  V  is  about  100/6  for  the  worst-case  lots  of  the  rad-hard  to  standard  process 

and  500/6  for  the  hardest  lot  of  191  memories. 

It  is  interesting  to  examine  the  inverter  results  and  to  predict  the 
hardness  failure  levels  of  the  191  and  5114  memories.  Table  9  lists  the  memory 
samples,  their  failure  doses,  and  the  corresponding  threshold  voltages,  shifts, 
and  penetration  into  the  depletion  region  predicted  by  the  inverter 
measurements.  The  leakage  current  determined  at  0  V  is  also  listed.  In  the 
case  of  191,  the  data  obtained  with  inverters  from  wafers  which  supplied  the 
test  samples  (except  for  wafer  No.  4)  were  used  in  the  table.  In  this  latter 
rase,  no  inverters  were  available  for  evaluation.  As  a  comparison.  Table  10 
lists  the  same  data  but  with  threshold  voltages,  shifts,  and  leakage  currents 
all  based  on  the  mean  inverter  values  from  Table  7.  It  can  be  seen  that  the 
mean  representation  of  the  lot  characteristics  is  fairly  good,  relative  to 
shifts  and  depletion-region  penetration.  This  means  that  for  a  hardness 
assurance  program,  it  appears  that  an  average  representation  of  the  lot 
hardness  may  be  adequate.  Obviously,  this  is  still  a  small  sample  test,  and 
it  requires  a  large  number  of  tests  before  a  definite  conclusion  can  be  drawn. 
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TABLE  7. 


MEAN,  MINIMUM,  MAXIMUM,  AND  a  VALUES  OF  INITIAL  THRESHOLD  VOLTAGE 
AND  VOLTAGE  SHIFTS  FOR  INVERTER  SAMPLES  FROM  TCS191  LOTS  IRRADIATED 


Lot  (#) 

Value 

0  krad 

100  krad 

200  krad 

500  krad 

1000  krad 

y/2660 

7  Wafers 

Mean 

1.0 

1.1 

1.6 

2.3 

2.5 

10  Samples 

Min 

0.9 

0.7 

0.9 

1.3 

1.5 

Max 

1.2 

1.6 

2.5 

3.6 

4.0 

o 

0.1 

0.3 

0.6 

0.8 

0.8 

//258J 

10  Wafers 

Mean 

0.9 

1.2 

2.0 

3.2 

3.5 

12  Samples 

Min 

0.8 

0.7 

1.2 

1.9 

1.5 

Max 

1.1 

2.2 

3.4 

5.3 

5.8 

0 

0.1 

0.4 

0.6 

0.9 

1.1 

//25^ 

4  Wafers 

Mean 

0.9 

0.5 

0.8 

1.2 

1,6 

6  Samples 

Min 

0.9 

0.3 

0.6 

0.9 

1.4 

Max 

1.0 

0.6 

0.9 

1.5 

2.0 

a 

0.  1 

0.1 

0.1 

0.2 

0.2 

< 

-AVtp 

/<2660 

Mean 

1.7 

0.7 

0.9 

1.4 

1.8 

Min 

1.5 

0.6 

0.8 

1.3 

1.1 

Max 

1.9 

0.7 

1.0 

1.5 

2.0 

a 

0.1 

0.1 

0.1 

0.1 

0.3 

Mean 

1.8 

0.6 

0.8 

1.3 

1.7 

Min 

1.6 

0.5 

0.7 

1.1 

1.5 

Max 

1.8 

0.6 

1.0 

1.6 

2.2 

(j 

0.3 

0.1 

0.1 

0.1 

0.2 

Mean 

1.7 

0.5 

0.8 

1.3 

1.7  • 

Min 

1.6 

0.4 

0.6 

1.2 

1.7 

Max 

1.9 

0.7 

1.0 

1.4 

1.8 

a 

0.1 

0.1 

0.2 

0.1 

0.1 
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TABLE  8.  VALUES  OF 

INITIAL 

THRESHOLD 

VOLTAGES 

AND  VOLTAGE 

SHIFTS  OF 

INVERTER 

SAMPLES 

FROM  5114 

LOTS 

IRRADIATED  WITH 

V 

TN 

"'^'^TN 

No.  of  Samples 

Value 

0  krad 

krad 

8  krad 

12  krad 

7 

Mean 

1 . 1 

0.5 

1.3 

2.4 

Min 

1.0 

0.3 

1.0 

2.0 

Max 

1.2 

0.9 

1.7 

3.2 

o 

0.1 

0.2 

0.3 

0.4 

-Vtp 

-AVtp 

Mean 

1.0 

0.4 

0.6 

0.9 

Min 

0.8 

0.1 

0.3 

0.5 

Max 

1.1 

0.7 

1.0 

1.4 

a 

0.1 

0.2 

0.3 

0.3 

The  results  indicate  that  the  191  rad-hard  memories  failed  because  of 
threshold-voltage  shifts,  rather  than  because  of  leakage-current  increases. 

This  was  probably  due  to  the  use  of  a  p-channel  (instead  of  n-channel)  Read/ 
Write  transistor  for  accessing  the  storage  cell  inverter.  By  the  same  token, 
the  p-channel  shifts  combined  with  any  turn-about  in  n-channel  thresholds  would 
slow  the  devices,  so  that  they  would  fail  because  of  speed  considerations  as 
well.  The  access  time  shown  in  Table  5  first  decreased,  then  finally  increased, 
prior  to  failure;  the  ^V,pp  shifts  dominated  the  access  time.  The  inverter 
results  show  that  a  failure  criterion  based  on  nonpenetration  of  the  depletion 
region  may  be  too  severe,  since  the  memory  samples  failed  with  penetrations  in 
the  range  of  0.3-1. 7  V.  This  fact,  however,  may  be  unique  to  this  particular 
memory  design  and  not  necessarily  a  general  result.  A  similar  conclusion  can 
be  deduced  from  the  5114  data.  The  depletion  voltage  ranged  from  0.2  to  1.3  V. 
There  was  one  basic  difference  between  the  two  sets  of  measurements;  namely, 

Vpp  was  10  V  for  the  191,  compared  to  5  V  for  the  5114  memories.  Thus,  the 
voltage  difference  would  allow  for  greater  tolerance  to  voltage  shifts.  The 
imposition  of  a  failure  criterion  of  >  0  would  have  predicted 

approximate  failure  doses  for  the  191  and  5114  samples,  respectively,  that 
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correspond  to  the  data  shown  in  Table  11.  Thus,  it  appears  that  the  criterion 
would  allow  a  prediction  good  within  a  factor  of  ■''2-10  of  the  actual  failure 
doses  for  the  191  and  a  factor  of  ''-2  for  the  5114. 

It  can  be  concluded  that  these  test  results  demonstrate  the  feasibility  of 
hardening  SOS  memories  by  the  use  of  the  present  n^  gate  rad-hardened  process 
without  the  aid  of  rad-hard  circuit  design,  to  achieve  total-dose  capability  in 
the  range  of  10^-10^  rad. 


TABLE  11.  PREDICTED  FAILURE  DOSE  FOR  191  AND  FOR  5114  SAMPLES, 

BASED  ON  THE  CRITERION  OF  >  0 

Sample  No.  Device  Failure  Dose  (krad)  Experimental  Failure  Dose  (krad) 


1 

191 

135 

750 

2 

191 

135 

225 

6 

191 

80 

750 

10 

191 

70 

100 

1,2, 3, 4, 5 

5114 

7 

8-12 
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SECTION  IV 


CONCLUSION 

Wp  have  demonstrated  the  feasibility  of  using  an  n^  phosphorus-doped  poly- 
silicon-gate  technology  to  build  radiation-hardened  integrated  circuits.  In 
particular  it  was  shown  that  a  conunercial  4K  SOS  RAM  can  be  hardened  to  a  level 
of  5x10  rad  by  the  use  of  hardened  processing  techniques  alone. 

This  is  a  significant  improvement  in  the  state  of  the  art,  since  the  use 
of  n  gate  technology  will  allow  fabrication  of  higher-speed  parts  (because  of 
the  low  sheet  resistivity  of  polysilicon),  presumably  without  the  room- 
temperature  bias  instability  problems  experienced  with  hardened  p^  gate 
processes.  In  addition  we  have  shown  that  we  were  able  to  achieve  this  level 
of  hardness  for  the  4K  RAM  without  having  to  use  any  hardened  design  rules. 

This  opens  up  tlie  possibility  of  hardening  already  existing  LSI  chips  hereto¬ 
fore  available  only  as  commercial  parts,  and  thereby  circumvents  the  costly  and 
time-consuming  task  of  designing  a  custom  chip  for  rad-hard  applications. 

Circuit-probe  yields  are  still  low  with  this  process,  but  this  is  caused 
in.iinly  by  the  lack  of  a  hardened  low-temperature  reflow  for  the  field  oxide. 
Fortunately  RCA  has  recently  done  independent  work  in  this  area  and  has  nearly 
completed  development  of  a  fully  hardened  low-temperature  reflow  process. 
Completion  of  this  development  effort  should  allow  the  fabrication  of  hardened 
CMOS/SOS  parts  with  circuit-probe  yields  comparable  to  those  of  commercial 
processes . 

The  increase  in  n-channel  leakage  during  irradiation  is  usually  thought  to 
be  the  major  cause  of  failure  of  CMOS  circuits.  However,  these  parts 
apparently  failed  for  other  reasons  (probably  excessive  p-channel  Read/Write 
transistor  shifts).  Thus  we  may  conclude  that  if  n-channel  Read/Write 
transi.stors  were  used,  this  design  would  be  even  more  radiation  tolerant  than 
the  design  actually  measured.  In  Section  III.D  we  have  shown  that 
postirradiation  back-channel  leakage  current  can  be  suppressed  by  ion 
implantation  of  the  back  interface.  Previous  work  at  RCA  has  also  shown  that 
it  is  possible  to  suppress  edge  leakage  in  n-channel  MOS/SOS  transistors  by 
implantation  of  island  edges  (3|.  Application  of  these  techniques  could 
provide  solutions  to  our  most  severe  radiation  problems  at  the  present  time. 

The  results  of  Section  III.E  suggest  that  the  prospects  of  maintaining  a 
hardened  n^  gate  process  on  a  given  wafer  processing  line  are  good.  If  we  can 
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control  initial  n-channel  thresholds  and  keep  them  at  approximately  2  V,  about 
80%  of  all  the  lots  processed  would  be  hard  even  without  solving  the  leakage- 
current  problem.  Suppressing  back-channel  and  edge  leakage  can  only  increase 
this  number. 

The  problems  remaining  to  be  solved  are  not  trivial.  Nevertheless  they 
are  problems  for  which  we  have  reasonable  solutions.  Predictions  of  future 
progress  are  always  risky,  but  from  our  vantage  point,  it  appears  that  solu¬ 
tions  to  the  major  hardening  problems  of  CMOS/SOS  are  well  within  reach. 
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A  CMOS/SOS  4K  Static  RAM 
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.-lAjlrar/  lligh  density  CMOS/SOS  technology  has  been  used  to 
develop  a  fully  static  40%-hit  RAM  with  a  five-ttansistor  storage  cell. 
Selection  of  a  five-transistor  memory  cell  has  reduced  the  access  to  the 
flip-flop  storage  element  to  a  single  word  line  transistor  and  bit  line. 
The  word  line  transistor  must  be  able  to  prevent  data  altering  currents 
from  entering  the  memory  cell  at  all  times  except  for  the  wTite  opera¬ 
tion.  The  control  of  the  word  line  transistor  current  conduction 
involves  creation  of  an  operation-dependent  bias  voltage  which,  when 
applied  to  the  transistor  gate,  modulates  the  maximum  allowable  cur¬ 
rent  into  or  out  of  the  storage  cell.  The  write  operation  is  enhanced  by 
reducing  the  bias  voltage  across  the  memory  cell,  thereby  making  the 
current  needed  to  alter  the  cell  smaller. 

Through  the  use  of  a  Sjtm  design  rule,  the  memory  cell  occupies 
’yU/imL  The  40%-bii  sialic  CMOS/SOS  RAM  contains  22  SS3 
transistors  in  20  mm*.  Organized  as  1024  4-bil  weirds,  the  40%-hil 
Ram  has  a  read  cycle  lime  of  d.'iO  ns  and  standby  power  dissipation  of 
.SO  fiVt  at  I , ,  ■  5  V  and  temperature  of  27' C. 


I  Im  KODl't  I  ION 

A.S(  AIK  (  .\1().S  RA.M  c.in  rosiill  in  signiDc.inl 

stsioiii  .niv.iiiiagos  wiili  liigh-spootl  opcralioiis  ai  ox- 
iiciiioU  low  powoi  dissipalioii  levels.  CMO.S  iiicmoiios  have 
ptoMinisK  boon  pl.isiuotl  hv  large  cltip  sizes  w  hen  eoinpaied  lo 
mIkoii  e.iie  NAIOS  designs  of  equivaleiil  hii  eapaeily  and 
J.esigii  ;iilcs  Ilinuigli  ilie  tiseol  a  live-iransisioi  si.iiie  sioiage 
■,'il.  eliieietn  decoding  and  control  logic  schemes,  and  einploy- 
nig  sill,  on  on  sapphire  (.SOS)  technology,  a  sialic  40'in.bii 
(  \1()S  RAM  can  be  achieved  which  compares  ijuiie  favorably 
die  .lie, I  \ei  consiiines  mils  a  li.iction  oi  tbe  power  dissi- 
I  I  II  'n  \ \|OS  coiiinei  pane  ( I  ]  . 

(I  I  IS  I  I  K  \  \S|S  1  n|<  (  AIOS  Mf  MOKS  (  n  I 
III  ,.ei  lo  ii'diKc  ilie  ,iiea  ol  ihe  sialic  nieinois  cell,  a  livc- 
I'.iM  i  iiH  iiicniois  , ell  w .IS  selecleii  (d|  ,A  live-liaiisistoi  cell 
'l  l  "  Ill’s  'III-  need  loi  one  word  line  iiansisioi  and  bil  Ime 
i;  '  ;i,iii  ol  die  iiioie  consenlional  six  li.nisisloi  cell  |.^|, 
I  i|  iliriebv  ledii.  Ill;' ilie  cell  .iiea,  I  he  loe  ol  only  one  trails- 
'niss|on  iMie  .ind  ,i  siiic'le  bil  line  lor  accessing  the  cell  results 
in  ,1  imupic  set  ol  leqiiiieinents  toi  Ihe  decoding  and  conirol 
1.  'Cl. 

Ilie  I  ive  1 1  .nisisioi  sell  whicli  was  selected  is  shown  in  I  ig 
K.il  (lie  /'I.  /’7.  \1.  aiul  ,Vd  ileviecs  conipiise  ihc  eioss- 
i  iipli'il  iiiveMei.  which  is  the  sim.igc  clenienl  The device 
Is  ills'  ii.iiisniissniM  g.ne  which  is  nscii  to  connect  ihe  llip-llop 
lo  the  bn  lines  .nul  ii.inslei  data  into  oi  snii  of  llu'  cell  Of 
piim.ns  iiupoii.iMce  in  ibe  ilesign  sil  a  nieniory  using  the  live 
ir.ni'isioi  st-ll  IS  isi  gii.iiamee  tli.il  llieie  are  no  lalse  data  esin- 

M.ioii  I  ' i|’ '  rt  s  t  i  \ X  il  \[’r il  In,  I  ^ 7H ,  ri'V I iiiU’  1 .  1 
I  hy  oiihi'iN  iu'  uilh  ills'  l),ivikl  S.niinlt  RimmigIi  (  I’llfcr.  K(  A  1  .iho 
r.ifio  If  -  I’l  nil  vi'tii  M  n,S^4n 
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1  ig.  1  (a)  l  ive-transistor  CMOS  memory  cell,  (b)  Current-voliagel 
eliaractcrisiics  of  Hip-flop  and  word  line  transistor.  1 


ditwms  due  tt>  read  or  write  sequences.  The  memory  cell  must 
iliereloie  be  a  stable  storage  element. 

When  using  the  live-transistor  cell  in  an  array  of  cells  so  that 
many  cells  share  bit  and  word  lines,  there  are  two  modes  of 
possible  false  data  that  must  be  considered.  The  ‘'irst  case 
involves  multiple  cell  selection  in  which  two  or  more  cells  < 
sharing  a  bit  line  have  their  respective  word  lines  enabled.  In 
this  ease,  the  signals  that  are  subsequently  transferred  to  the 
bit  line  itiusi  not  be  able  to  alter  the  contents  of  any  cell.  It  is 
possible  to  design  a  decoder  which  will  ensure  that  all  word 
lines  are  fully  disabled  before  selection  of  a  word  line,  but  this 
"break  before  make"  decoding  scheme  adds  complexity  to  the 
decode  and  control  logic. 

The  second  case  to  be  considered  involves  bil  line  voltage  in 
the  torin  of  charged  parasitic  line  capacitance  which  could 
alter  Ihe  data  in  a  cell  when  the  word  line  is  enabled.  The  bit 
line  capacitance,  wineli  is  eliargcd  to  ihe  opposite  slate  to  that 
at  the  input  node  of  the  selected  cell,  could  provide  sufficient 
ehaige  to  dump  back  into  the  cell  and  force  the  flip-flop  to 
change  slate  (assuming  that  the  total  bit  line  capacitance  is 
imicl)  greater  than  the  input  eapaeitance  of  an  individual  cell). 

In  both  cases  that  have  been  presented,  the  fivc-iransistor 
coll  design  would  result  in  a  stable  storage  element  if  the  dc 
iinpedanee  presented  by  the  word  line  transistor  is  made  large 
enough  so  that  siiflicicni  euitcni  to  change  Ihc  slate  of  the 
cell  could  not  pass  frorti  Ihc  bil  line  lo  the  nip-llop.  However, 
this  would  leviill  in  a  ceil  that  cannot  he  written  into  This 
apparent  paradox  is  resolved  using  bias  voltage  levels  on  the 
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word  linos  and  I'nr  the  pouer  supply  to  the  cell  which  are 
tailored  for  the  read  and  write  operations  to  ensure  safe  read¬ 
ing  and  a  ci'inplete  write  operation. 

The  read  operation  involves  applying  the  proper  bias  voltage 
level  to  the  word  line  so  that  the  impedance  of  the  word  line 
transistor  is  high  enough  to  prevent  current,  which  is  capable 
of  alteiing  the  cell,  from  entering  the  cell  from  the  bit  line.  As 
the  impetlance  of  this  transistor  is  increased,  the  current  which 
the  cell  can  provide  for  reading  is  reduced  and  the  read  opera¬ 
tion  speed  is  slowed.  It  was  a  design  goal  to  optimize  the  word 
line  bias  during  the  read  operation  so  as  to  yield  the  highest 
speed  response  and  yet  not  jeopardize  the  cell  stability. 

A  rpiantitative  analysis  can  be  performed  by  calculating  the 
current  necessary  to  change  the  cell  state  and  comparing  this 
with  the  conduction  properties  of  the  word  line  transistor 
being  the  parameter  of  interest.  Through  the  use  of  computer 
modeling  (R-(’AP)  (51,  a  plot  of  the  Hip-flop  and  word  line 
transistor  characteristics  can  be  generated.  This  is  shown  in 
f  ig.  I(bl  in  which  /\;  is  the  cuireni  (lowing  into  the  flip-flop 
oi  through  the  word  line  transistor  as  a  function  of  f'vf,  the 
voltage  at  the  common  node  of  a  P2I.M2  drain  and  a  Pi  drain/ 
source.  Depending  upon  the  state  of  the  bit  line,  node  A  can 
either  be  the  drain  or  the  source  of  Pi.  and  the  current  con¬ 
ducted  by  Pi  into  the  Hip-Hop  will  depend  upon  the  stale  of 
the  hit  line.  The  word  line  transistor  Pi  will  act  in  either  the 
common  source  or  source  follovver  mode  of  operation  with 
regard  to  node  A.  Both  modes  of  operation  of  the /’d  device 
aie  shown  in  Fig.  1(b).  In  order  to  guarantee  a  safe  read,  the 
woist  case  conditions  will  he  calculated  for  the  hit  line  fixed 
at  r,.,.  and  ground. 

It .  foi  example,  the  bit  line  is  held  at  f'^,,  and  the  word  line 
is  enabled  with  some  potential  which  turns  Pi  on,  the  Hip- 
Hop  with  a  ground  potential  at  node  A  will  change  state  only 
It  current  in  excess  ol  can  be  provided  through  Pi.  In 
f  ig.  1(h).  point  "(/"  IS  the  intersection  ol'the  Hip-Hop  charac¬ 
teristic  with  the  comition  soutce  load  line  of  Pi  for  a  word 
line  voltage  ol  i  nn  -  (  onversely.  for  the  bit  line  grounded  and 
the  word  line  at  !  /,■/(.  (he  current  necessary  to  drive  the  ceil 
Irom  at  node  .-1  is  l\iff  which  is  prevented  by  the  inter¬ 
section  of  the  Pi  load  line  w  ith  the  Hip-Hop  characteristics  at 
point  ■■/i.  "  f  or  tlie  read  operation,  it  is  necessary  to  maximize 
the  /',;/,<»  ami  /i;«  values  in  ordei  to  increase  the  charging 
current  lor  sensing  the  data.  This  is  accomplished  by  fixing 
1(111  at  gromiil  potential,  therefore  placing  the  full 
across  the  cell.  With  5  gim  channel  width  for  f*! . /’2.  and  A’l . 
12  /am  for  .V2.  ii  /urn  for  Pi.  and  5  /am  length  for  all  devices, 
typical  values  tor  I  ’,.,.  =  5  .0  V  are  =  650 /aA  and  l^,fi  = 
2()0/aA  at  27°C-. 

f  or  the  write  operation,  the  impedance  of  f’.f  is  reduced  by 
drivrrig  the  wnrd  line  i<t  grrriirid.  (Iiereby  permitting  current  in 
excess  ol  /i;/r*  and  to  How.  This  condition  allows  bit 

liiK  d.it.i  to  be  loailed  iritir  Hie  Hjp  Hitp.  In  order  to  enhance 
the  write  operation  m  terms  of  speed  and  safely  margin,  lire 
potential  across  the  Hip-Hop  is  reduced  by  driving  I  j  |  |  |  to  a 
positive  voltage  above  ground.  Increasing  I'ci  i  l  above  ground 
reduces  the  Ilip-Hop  current  peaks  to  /v/i,  t  and  in  Fig. 

Kb)  fhe  write  enhancement  gained  by  raising  is 

esp.'ci.illy  im/soitant  for  I',.,,  values  less  than  5  V  in  terms  of 
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Fig.  2.  Calculated  critical  word  line  potential  limits  |  F^gtCRIT)) . 


the  write  time  response  of  the  Hip-Hop.  The  Fcell  value  for 
l„,  =  5.0V  is  selected  to  be  1.7  V  which  results  in  typical 
values  of  l\m’*  -  50  /aA  and  /jvfw-  =  - 1 5  #iA  at  27°C. 

Selection  of  the  1/;^  voltage,  which  is  applied  to  the  word 
line  during  the  read  operation,  must  result  in  the  intersection 
of  the  Pi  load  lines  with  Hip-Hop  characteristics  at  points 
"a"  and  “b"  in  Fig.  Ub).  The  Vj^g  voltage  for  a  particular 
I’cc  is  determined  by  finding  the  critical  word  line  voltage 
F/jfl(CRIT)  which  yields  maximum  Pi  current  without 
exceeding  or  In  Fig.  2,  a  plot  of  word  line  poten¬ 

tial  as  a  function  of  has  been  obtained  by  computer-aided 
calculations  (R-CAP).  The  Frb(CRIT)  is  shown  for  both 
•cKUL  =  0  V.  which  is  the  case  for  reading,  and  Fcell  = 
which  is  for  the  write  operation.  The  limits  shown  in  Fig.  2, 
therefore,  define  the  boundaries  below  which  the  word  line 
voltage  could  force  a  false  data  change.  It  is  clear  that,  for 
^C'F.LL  and  the  word  line  potential  both  at  ground,  the  Hip- 
Hop  is  capable  of  being  altered  for  =  5-12  V.  Increasing 
Fcell  “  during  writing  simply  increases  the  design  mar¬ 
gin  for  a  safe  write  and  results  in  a  faster  write  since  a  smaller 
current  is  necessary  to  Hip  the  cell. 

III.  Word  Link  Bias  Generator 

A  bias  generator  is  required  to  produce  the  optimum  I'gg 
which  lies  above  the  critical  word  line  limit  for  Fcell  =  0  V 
as  shown  in  Fig.  2(6].  The  ideal  situation  would  be  a  bias 
generator  with  an  output  voltage  more  positive  than  the 
critical  limit  by  an  amount  representing  the  design  margin 
(500  mV)  and  with  the  same  slope  as  the  F^jefCRIT)  versus 
F,.^  limit  with  Fcell  =  0V  in  Fig.  2.  Fig.  3  shows  the  calcu¬ 
lated  and  measured  response  of  the  bias  generator  circuit. 
The  inset  in  Fig.  3  gives  the  schematic  drawing  of  the  circuit. 
The  generator  uses  three  depletion  mode  PMOS  transistors  in 
a  voltage  divider  arrangement.  The  P4/;VT  self-biased  inverter 
subtracts  +  from  the  potential  at  nude  A  where 

I'lUP  =  PMOS  threshold  voltage  and  AF  is  the  built-in  voltage 
offset  created  by  the  current  ratio  of  the  self-biased  inverter 
devices.  The  output  response  F.  w  hich  is  switched  to  the  word 
line  by  decoding  circuitry,  matches  the  requirements  for  the 
I’gg  voltage  as  seen  by  comparing  the  respon.ses  in  Fig.  3  with 
tlie  limit  shown  in  Fig.  2.  Variations  in  device  parameters 
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•IK'  ^uiiipi-’iis.iied  by  tlic  bius  geiieialor  in  that  as  J ’/-//pdiups, 
ill',-  l^./j(('RIT)  increases  since  P?>  becomes  more  conductive. 
I  lie  bias  generatoi  output  F  increases  as  Vrup  slrr’PS-  which  is 
in  the  proper  direction.  This  is  seen  in  the  relationship  govern¬ 
ing  the  geneiator  response: 

/'ll  ,  i  I  f  //r/'l  ■ 

I  he  case  where  I'riir  increases  causes  to  decrease 

Miice  [’?•  IS  less  ornductive.  The  output  F  will  ihercrore 
ilecreasc. 


IV.  ClKCUIT  Df.sk.n 

The  live-transistor  cell  used  in  conjunction  with  the  bias 
gcneiator  shown  in  Fig.  .1  results  in  a  high  performance  40‘)6- 
bit  RAM  with  simple  static  decode  and  control  logic.  There  is 
no  need  lor  bit  line  prccharge  or  "break  before  make"  decoder 
schemes  The  full  circuit  schematic  is  displayed  in  Fig.  4.  All 
logic  elements  are  fully  static  CMOS  gate  configurations.  Tlic 
write  enhance  bias  output  //  provides  the  Fe-| j.l  potential  to 
the  memory  array  during  the  write  operation,  in  which  case  // 


-A, 


-tA)14) 


•1/0(3) 


I/0(ZI 


■POd) 


liscs  to  .ippioMin.ilcK  l\so  loiH.iid-bi.iscd  diode  diops  above 
ground,  i'hc  sense  .impliliei  ciisiiii  iiiili/cs  a  sell-biased  CMOS 
inverter  ampliliei  which  h.is  ihe  Inch  gam  switchinc  point 
weightcrl  at  appioMin.iieh  I  ,,  I ////■.  The  critical  data  read 
path  IS  eoniiolled  b\  ihe  case  whet  ■  the  woid  line  transistor 
in  the  memoiy  cell  acts  in  the  soiiico-lollower  mode  of  opera¬ 
tion.  This  ocems  when  the  cell  aiiempts  to  pull  Ihe  bit  line 
toward  gioiind.  The  so,n ce-lollower  action  of  the  word 
line  device  will  lesiili  in  a  shiwei  bit  response  than  reading  out 
a  r,.<.  potential  liom  the  llip-flop  fhe  sense  amplifier  must 
respond  to  slight  diops  in  the  bn  line  below  I',,,,  in  order  to 
result  in  last  data  access 

The  40‘t()-bii  RAM  is  oig.iin/ed  as  1024  4-bit  woids  and  is 
pin-c<>mpatible  with  the  mdusiiv  siaiulaid  2114  part.  The 
memoiy  is  hilly  static.  leiiiiiiiii"  no  C.V  blocking  piior  to  each 
cycle.  Ihe  memoiv  opei.ites  toi  values  of  .s  to  12  V  and 
over  the  lempei.ituie  i.inge  ol  ss  |,,  |  se  (  j„pins  and 

outputs  aie  T  n  coinpalible.il  1',,  -  '  \' 

V  ('nil'  I  \s  I  ii  I 

The  4()0(i.bil  sl.ilic  R \\1  is  I, ml  oni  with  s  design  lules 
lor  Ihe  eight -III. isk  siIkoii  ..iie  (  MOS  SOS  l.ibiication  tech¬ 
nology.  I  his  pmeess  lesnlls  in  eiili.iiKenieni  movie  PMOS  and 
NMOS  wiih  Ihiesliohl  coli.ii'i's  ol  o.o  ,ind  |  |  lespeclivcly. 
and  de)delion  ni.nie  I’kIOS  with  .i  ilnesliold  ol  (I -s  V.  The 
(ive-t i.insisloi  memoiv  celt  l,i\s  uni  m  2''l.''pmV  The  total 
chip  si/c  IS  4,0  ,'  s  ()  null  wiili  the  memoiv  veils  occupying 
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to  percent  vl  ilie  ini.il  cliip  ;irc;i  This  high  elTiciency  of 
ineiimry  area  tr>  total  chip  area  rs  attributed  to  the  simple 
static  decoditig  and  contn'l  logic  that  is  used.  The  chip  con- 
i.iins  I.'  MiO  l’\l()S  and  \M()S  transistors  with  the  static 
ineinorv  cells  using  b().S  percent  of  the  devices. 

.\  photoinicrograph  oi  the  completed  40‘)6.bit  RAM  is 
shi'wn  in  Fig.  5.  The  layout  splits  the  40^6  memory  cells 
into  two  blocks  ol  .X  (>4  with  the  row  decoder  situated  in 
the  niidille.  The  control  logic  and  input 'output  circuitry  are 
located  adjacent  to  the  column  decoder  and  selection  switches 
so  as  to  niiniiiii/e  the  loading  elfects  upon  the  bit  line  after 
being  switched  ihrough  to  the  sense  ainplifier. 

VI.  PkHI OK.MANCI 

The  basic  liming  rei.|uiremcnts  lor  the  40d(i-hit  f'MO.S'.SOS 
R.WI  aie  displayed  in  Fig.  b.  The  ('.S'  input  can  be  operaieil 
asv ncliionouslv  with  lespeci  to  the  address  inputs  and  is  esseii 
tially  used  to  enable 'disable  the  data  read  and  w  rite  circuitry 
anil  bias  generators 

Hie  word  line  bias  generator  output  F  is  shown  in  Fig  7. 
Diiiing  the  icad  operation.  /■' =  1.5  V  for  I',.,.  =  5.0  V.  which 
is  the  value  shown  m  Fig.  .'  and  is  well  above  the  r^;j(('RIT) 
shown  in  Fig.  J  lor  F(  |  1 1  =0V.  This  bias  arrangement  has 
lesulied  in  sale  and  stable  data  acce.sswheii  the  40‘)(v-bit  RAM 
IS  sub|ected  to  rigorous  icatl  write  pattern  sensitivity  tests 
such  ,is  walking  and  galloping  ones  and  zeros.  In  Fig  ihe  /•' 
ouipui  can  be  seen  to  return  to  I;.,,  when  CS  '  logic  1.  /'  is 
rliiven  to  groutnl  when  ('.V  and  it'J  are  both  at  logic  0  slate 
(wiite  opeiationi  which  sticcessiully  reduces  the  word  line 
transistor  impedance  to  allow  loi  writing  data  into  the  selected 
cell 

(he  lesponse  ol  the  write  enhance  bias  geneiaior  //  is  seen 
in  Fig.  X  This  potential,  which  is  directly  connected  to  the 
I'l  I  I  I  node  ol  each  ineinory  cell,  is  seen  to  be  0  V  at  all  times 
except  when  ('.S'  and  WF  equal  logic  0  (write  operation),  at 
which  lime  the  //  output  rises  to  1.75  V  foi  (',,.  =  5.0  V. 
There  is  no  difficulty  in  the  write  enhance  bias  gencraii'r 
inairifaiiiitig  Ihe  voltages  shown  in  Fig  8  lor  all  40'>b  cells 
since  CMOS  memory  cells,  such  as  the  five-transistor  ceil  in 
Fig,  I.  consiinie  no  dc  current  except  for  leakage  currents 
(which  are  typically  less  than  500  pA  cell  at  (’„■  =  50  V),  Tlie 
wine  enhance  generator  only  has  to  sink  transient  currents 
liming  the  lime  the  cells  are  swilching  stale  or  when  the  input 
mule  ol  the  nip-llop  (node  A  in  Fig.  I)  rises  momeniaiily 
above  the  ground  when  reading  out  a  0  with  a  hit  line  pre¬ 
viously  charged  near  l^,..  These  transient  currents  are  no  more 
than  approximately  700  gr A  at  (  =  5  .0  V, 

The  worst  case  read  access  time  can  be  seen  in  Figs.  4  and 
l(f  The  pattern  used  reads  data  from  word  15  by  maintaining 
.1  word  line  with  data  which  is  opposite  to  that  in  the  previous 
operation  The  lead  access  time  for  word  15  is  a  measure  of 
the  response  of  the  column  decoder,  the  bit  line  interaction 
with  the  sense  .iinplitier.  and  the  propagation  of  data  from  the 
sense  .iinpliliei  Ihrough  the  output  drivets.  The  read  logic 
I  access  IS  I  75  ns  and  the  reail  0  access  is  150  ns  for  1',.^.  = 
5  0  V.  as  seen  in  I  igs  4  and  10,  respectively. 


AEAU  0;m.l 
Aut'trr'-i  » 


yVHjm  cycll  - 
ADDitfSS  Jy 


r.  iv .  iVV ». iVV.  ISV  * » .V  .X 


_x: 


UJjmm 


'  X 


{L'miimuL 

r-7 

AW  . 

-  A.  A  •  f  £.»{  f-  r:t  '5  .rb  iSP 


/  ti’  6  n/njfji.’  u'tjtiiR’mt’nJs  U>r  4096-bif  static  RAM. 


Vcc  =  5.0V 


2us/div 


5V/div 

W 

5V/div 

F 

2V/div 


I  K.  t  Word  lull'  b).is  gener.iior  nu’asuri’il  rcs|x>n.sc. 


Vcc=5  0V 


2/AS/diV 


5V/div 


WE 

5V/div 


H 

2V/div 


I  \)i.  H.  Write  cnh.iiKe  Ih.iv  I’ctier.itiM  nuMvured  response. 


668 


II.l-.K  JOURNAL  Ol-  SOLID  STATI.  CIKC  UITS.  VOL.  SC  13.  NO.  5.  0(  TOHI  K  !V7K 


Vcc=  5.0  V 


200NS/div 


WORD 

WORD 

15 

16 

Tlie  worst  case  access  time  at  =  5  0  V  is  seen  as  550  ns 
for  both  read  logic  1  and  logic  0. 

VII.  CONCI  USIONS 

A  five-transistor  memory  cell  has  been  successfully  used  in 
the  design  of  a  4096-bit  static  CMOS/SOS  RAM.  Proper  con¬ 
trol  of  the  word  line  potential  results  in  a  stable  storage  ele¬ 
ment  with  fast  data  access.  Simple  static  control  logic  that  is 
used  permits  60  percent  efficiency  of  memory  area  to  total 
chip  area.  CMOS  logic  for  low  power  and  high  speed  and  SOS 
technology  for  packing  density  and  reduced  parasitic  capaci¬ 
tance  has  resulted  in  a  4096-bit  static  RAM  occupying  20  mm^ 
with  a  read  access  lime  of  350  ns  and  standby  power  dissipa¬ 
tion  of  50  pW  at  V^c  =  5  V. 
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Kc.iilim’  uoiil  l(i  111  l  igs  9  anti  10  is.  howevet .  the  worst 
CUM-  Mitcc  the  p.iiicMi  used  senses  the  satne  data  as  in  word  15 
Iroiii  the  pi'  Spiiis  cycle  (a  logtc  I  in  Fig.  9  and  a  logic  0  in 
I  ig  10).  csicpi  ih.it  changing  to  word  16  not  only  moves  to 
.1  new  hit  hue.  hut  also  to  a  new  word  line.  The  new  bit  line 
selected  w.is  charged  to  a  logic  0  and  logic  1  in  Figs.  9  and  10, 
ic'treclively .  wlien  reading  word  15  so  that  moving  to  a  new 
word  line  which  intersects  a  cell  that  ci'ntains  the  complemen¬ 
tary  dal,i  lorces  the  ineinory  cell  of  wind  16  to  pull  the  bit 
line  to  the  opposite  stale  Reading  word  1 6  mca,sures  the  row 
decoder  ahihis  to  select  a  cell,  ihe  response  of  the  cell  to 
ch.inge  the  d,it.i  on  ihe  Ini  line,  and  the  sensing  and  transfer- 
line  ol  dal.i  to  ihe  oiitpin  In  hoih  Figs  9  and  10.  the  output 
lesponds  to  Ihe  scleition  ol  the  chaiged  bit  line  from  Ihe 
previous  cvcie  heloie  enabling  Ihe  pass  transistor  with  the 
subseiitienl  data  response  ol  the  selected  cell. 
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Commanding  Officer 
Night  Vision  Laboratory 
US  Army  Electronics  Command 
Fort  Belvoir,  VA  22060 
Attn:  Ca,,t.  Allan  S  Parker 


Coinuiander 
I’icatiuiiy  Arsenal 
Dover,  NJ  07S01 
Attn:  SMUi’A-FR-S-? 

Attn:  SAKPA-FR-E 
Attn:  SMUPA-ND-W 
Attn:  SMUPA-ND-D-B 
Attn:  SARPA-ND-C-E 
Attn:  SAILPA-ND-N 
Attn:  SMUPA-ND-N-E 

Commander 

Redstone  Scientific  Information  Center 
US  Arniy  Missile  Command 
Redstone  Arsenal,  AL  35809 
Attn:  Chief,  Documents 

Secretary  of  the  Army 
Washington,  DC  20310 
Attn:  ODUSA  or  D  Willard 

Director 

Trnsana 

White  Sands  Missile  Range  NM  88002 
Attn:  ATAA-EAC 

Direc  tor 

US  Ar.:iy  Ballistic  Research  Labs 

Aberdeen  Proving  Ground,  MD  21005 

Attn:  DiL\BR-X 

Attn:  DRRBR-VL 

Attn:  DiCXBR-AM 

Attn:  DR}CRD-BVL 

Chief 

US  Army  Communications  Systems  Agency 
Fort  Monmouth.,  NJ  07703 
Attn:  SCCM-AD-SV/Library 

Commander 

US  Ariiy  Electronics  Command 

Ft)rt  Moniai:)Uth,  NJ  07703 

Attn:  DRSEL-TL-IR 

Attn:  DRSEL-CE 

Attn:  DRSEL-CT-UDK 

Attn:  DRSEL-CG-TD 

Attn:  DRSEL-TL-MD 

Attn:  DRSEL-TL-ND 

Attn:  DRSF.L-PL-ENV 

Comma  ntlant 

US  Army  Engineer  School 
Ft  i'lilvoir  VA  22060 
Attn:  ATS.E-CTD-CS 


Conuiiander-in-Chicf 

US  Army  Europe  &  Seventh  Army 

APO  New  York  09403 

(Heidelberg) 

Attn:  ODCSE-E  AEAGE-PI 

Commandant 

US  Army  Field  Artillery  School 
Fort  Sill,  OK  73503 
Attn;  ATSFA-CTD-ME 

Commander 

US  Army  Material  Dev  &  Readiness  CMD 
5001  Esenhower  Ave 
Alexandria,  VA  22333 
Attn:  DRCDE-D 

Commander,  US  Army  Missile  Command 

Redstone  Arsenal,  AL  35809 

Attn;  DRSI-RCP 

Attn:  DRCPM-PE-EA 

Attn:  DRSMI-RGD 

Attn:  DRSMi-RGP 

Attn:  DRSMl-RRR 

Chief 

US  Army  Nuc  6  Chemical  Surety  GP 
Bldg  2073,  North  Area 
Ft  Belvoir,  VA  22060 
Attn:  MOSG-ND 

Comjiiander 

US  Army  Nuclear  Agency 
7500  Backlick  Road 
Building  2073 
Springfield,  VA  22150 
Attn:  ATCN-W 

Commander 

US  Army  Tank  Automotive  Command 
Warren,  Ml  48090 
Attn:  DRCPM-GCM-SW 

Commander 

White  Sands  Missile  Range 

WJiite  San<ls  Missile  Range  NM  S8002 

Attn:  STEWS-TE-NT 

DEPARTMENT  OF  NAVY 

Chief  of  Naval  Research 
Navy  Department 
Arlington,  VA  22217 
Attn:  Code  427 
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Commander  OCEicer 
Naval  Avionics  Facility 
21st  &  Arlington  Ave 
Indianapolis,  IN  46218 
Attn"  Branch  942 

Commander 

Naval  Electronic  Systems  Command  Hqs 

Washington,  DC  20360 

Attn:  Code  504511 

Attn:  Code  50451 

Attn:  FME  117-21 

Attn:  Code  5032 

y\ttn:  Flex  05323 

Coinmanding  Officer 
Naval  Intelligence  Support  Ctr 
4301  Suitland  Road,  Bldg.  5 
Washington,  DC  20390 
Attn:  NISC-45 

Director 

Naval  Research  Laboratory 

Washington,  DC  20375 

Attn:  Code  4004 

Attn:  Code  6631 

Attn:  Code  6810 

Attn:  Code  6816 

Attn:  Code  5216 

Attn:  Code  6460 

Attn:  Code  601 

Attn:  Code  7701 

Attn:  Code  2627 

Coiiimander 

K.iv.il  Sea  Systems  Command 
Navy  Department 
W. isli  i  ngt  on,  DC  20362 
Attn:  S1;A-9931 


Naval  Surface  Weapons  Center 
White  O.ik,  Silver  Spring,  MD  20910 
Attn:  Code  WA52 

Attn:  Code  WA501/Navy  Nuc  Prgms  Off 
Attn:  Code  WA50 

Coi"::nnder 

Naval  Weapons  Center 

China  Lake,  CA  9355 

Attn:  Code  533  Tech  Library 


Commanding  Officer 
Naval  Weapons  Evaluation  Facility 
Kirtland  7AFB  Albuquerque,  NM  87117 
Attn:  Code  ATG/Mr  Stanley 

Commanding  Officer 

Naval  Weapons  Support  Center 

Crane,  IN  47522 

Attn:  Code  7024/J  Ramsey 

Attn:  Code  70242/J  A  Munarin 

Commanding  Officer 
Nuclear  Weapons  TNG  Genter  Pacific 
Naval  Air  Station,  North  Island 
San  Diego,  GA  92135 
Attn:  Code  50 

Director 

Strategic  Systems  Project  Office 

Navy  Department 

Washington,  DC  20376 

Attn:  SP  2701 

Attn:  NSP-2342 

Attn:  NSP-27331 

DEPARTMENT  OF  THE  AIR  FORCE 

RADC/Deputy  for  Electronic  Technology 
Hanscora  AFB,  MA  01731 
Attn:  ET/Stop  30/E  Cormier 
Attn:  ES/Stop  30/F  Shepherd 
Attn:  ES/Stop  30/E  A  Burke 

AF  institute  of  Technology,  AU 
Wright-Patterson  AFB,  OH  45433 
Attn:  ENP/C  J  Bridgman 

AF  Materials  Laboratory,  AFSC 
Wright-Patterson  AFB,  OH  45433 
Attn:  LTE 

AF  Weapons  Laboratory,  AFSC 
Kirtland  AFB,  NM  87117 
Attn:  DES 
Attn:  ELA 

Attn:  ELP  TREE  SECTION 
Attn:  NT/Carl  E  Baum 
Attn:  ELS 
Attn:  NTS 
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AFTAC 

Patrick  AFB  FL  32925 
Attn:  TFS/Maj  M  F  Schneider 


Al'  Avionics  Laboratory,  AFSC 
Wr ight-Patterson  AFb,  OH  45433 
Attn:  DHE/H  J  {{ennecke 
Attn:  DfLM/C  Friend 
Attn:  DH/Ltc  McKenzie 
Attn:  AAT/M  Friar 

Co;-,'.;  lander 
ASD 

Wr ight-Patterson  AFB,  OH  45433 
Attn:  ASD/ENESS/P  T  March 
Attn:  ASD-YH-EX/Ltc  R  Leverette 
Attn:  ENACC/R  L  Fish 

Hq  ESD 

Hanscora  AFB,  MA  01731 
Attn:  YSEV 

Hq  ESD 

Hanscom  AFB,  MA  01731 
Attn:  YITET 

Couunander 

Foreign  Technology  Division,  AFSC 
Wr ight-Patterson  AFB,  OH  45433 
Attn:  ITDP 

Comr.ander 

Home  Air  Development  Center,  AFSC 
Grill iss  AFB,  NY  13440 
Attn:  RBRP 
Attn:  KBRAC 

Commander 

RADC/Deputy  for  Electronic  Technology 

Hanscom  AFB,  MA  01731 

Attn:  ES/A  Kahan 

Attn:  ES/B  Buchanan 

Attn:  ES/R  Dolan 


I’ost  Or  t  ice  Box  yi’9b0 
Worldway  Postal  Center 
Los  iingeles,  CA  90009 
Attn:  YEE 

SAMSO/IN 

Post  Office  Box  92960 
World way  Postal  Center 
Los  Angeles ,  CA  90009 
Attn:  IND/I  J  Judy 


SAMSO/MN 

Norton  AFB,  CA  92409 
Attn:  MNNH 

SAMSO/RS 

Post  Office  Box  92960 
Worldway  Postal  Center 
Los  Angeles ,  CA  90009 
Attn;  RSMG 
Attn:  RSSE 

SAMSO/SK 

Post  Office  Box  92960 
Worldway  Postal  Center 
Los  Angeles ,  CA  90009 
Attn;  SKF 

SAMSO/SZ 

Post  Office  Box  92960 
Worldway  Postal  Center 
Los  Angeles ,  CA  90009 
Attn:  SZJ 

Commander  in  Chief 
Strategic  Air  Command 
Offutt  AFB,  NB  68113 
Attn:  XPFS 

Attn:  NRI-STINFO  Library 

US  ENERGY  RSCH  &  DEV  ADMIN 

University  of  California 
Lawrence  Livermore  Laboratory 
P.  0.  Box  808 
Livermore,  CA  94550 
Attn:  Hans  Kruger  L-96 
Attn;  Frederick  R  Kovar  L-31 
Attn:  Donald  J  Meeker  L-545 
Attn:  Tech  Info  Dept  L-3 
Attn:  F  K  Miller  L-156 
Attn;  William  J  Hogan  L-531 
Attn:  Ronald  L  Ott  L-531 
Attn;  Joseph  E  Keller  Jr  L-125 
Attn:  Lawrence  Cleland  L-156 

Los  Alamos  Scientific  Laboratory 

P.  0.  Box  1663 

Los  Alamos  NM  87545 

Attn:  Doc  Con  for  B  W  Noel 

Attn:  Doc  Con  for  J  A  Freed 

SANDIA  Laboratories 

P.  0.  Box  5800 

Albuquerque  NM  87115 

Attn:  Doc  Con  for  Org  2110/J  A  Hood 

Attn:  Doc  Con  for  3141  Sandia  Rpt  Coll 

Attn:  Doc  Con  for  Org  2140/R  Gregory 
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US  Energy  Research  &  Dev  Admin 
Albuquerque  Operations  Office 
P.  0.  Box  5400 
Albuquerque,  NM  87115 
Attn:  Doc  Con  for  WSSB 

OTHER  GOVERNMENT 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Judson  C  French 

DEPARTMENT  OF  DEFENSE 
CONTRACTORS 

Aerojet  Electro-Systems  Co. 

Div  of  Aerojet-General  Corp. 

P.  0.  Box  296,  1100  W.  Hollyvale  Dr 
Axusa,  CA  91702 
Attn:  T  D  Hanscome 

Aerospace  Corp. 

P.  0.  Box  92957 

Los  Angeles,  CA  90009 

Attn:  John  Ditre 

Attn:  Irving  M  Garfunkel 

Attn:  S  P  Bower 

Attn:  Julian  Reinheimer 

Attn:  L  W  Aukerman 

Attn:  Library 

Attn:  William  W  Willis 

Analog  Technology  Corp. 

3410  East  Foothill  Boulevard 
Pasadena,  CA  91107 
Attn:  J  J  Baum 

AVCO  Research  &  Systems  Group 
201  Lowell  St 
W  ;  .  MA  01387 

Attn:  Research  Lib/A830  Rm  7201 

BDM  Corp. 

7915  Jones  Branch  Drive 
McClean,  VA  22101 
Attn:  T  H  Neighbors 

BDM  Corporation 
P.  0.  Box  9274 
Albuquerque  International 
Albuquerque,  NM  87119 
Attn:  D  R  Alexander 


Bendix  Corp. 

Communication  Division 
Fast  Joppa  Road 
Baltimore,  MD  21204 
Attn:  Document  Control 

Bendix  Corp. 

Research  Laboratories  Division 
Bendix  Center 
Southfield,  MI  48075 
Attn:  Mgr  Prgm  Dev/D  J  Niehaus 
Attn:  Max  Frank 

Boeing  Company 
P.  0.  Box  3707 
Seattle,  WA  98124 
Attn:  H  W  Wicklein/MS  17-11 
Attn:  Itsu  Amura/2R-00 
Attn:  Aerospace  Library 
Attn:  R  S  Caldwell/2R-00 
Attn:  Carl  Rosenberg/2R-00 

Booz-Allen  and  Hamilton,  Inc. 

106  Apple  Street 
Tinton  Falls,  NJ  07724 
Attn:  Raymond  J  Chrisner 

California  Institute  of  Technology 

Jet  Propulsion  Laboratory 

4800  Oak  Grove  Drive 

Pasadena,  CA  91103 

Attn:  J  Bryden 

Attn:  A  G  Stanley 

Charles  Stark  Draper  Laboratory  Inc. 

555  Technology  Square 

Cambridge,  MA  02139 

Attn:  Kenneth  Fertig 

Attn:  Paul  R  Kelly 

Cincinnati  Electronics  Corp. 

2630  Glendale  -  Milford  Road 
Cincinnati,  OH  45241 
Attn:  Lois  Hammond 
Attn:  C  R  Stump 

Control  Data  Corporation 
P.  0.  Box  0 
Minneapolis,  MN  55440 
Attn:  Jack  Meeban 

Cutler-Hammer,  Inc. 

AIL  Division 

Comae  Road 

Deer  Park,  NY  11729 

Attn:  Central  Tech  Files/A  Anthony 
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Diki'woixl  Industries,  Inc. 

1009  iJradbury  Drive,  S.  E. 

Albu([uerque ,  NM  87106 
Attn:  E  Wayne  Davis 

l>Sys terns,  Inc. 

Greenville  Division 
P.  0.  Box  1056 
Greenville,  TX  75401 
Attn:  Library  8-50100 

Effects  Technology,  Inc. 

5383  Hollister  Avenue 
Santa  Barbara,  CA  93111 
Attn:  Edward  J  Steele 

E.xp  &  Math  Physics  Consultants 
P.  0.  Box  66331 
Los  Angeles,  CA  90066 
Attn:  Thomas  M  Jordan 

Fairchild  Camera  &  Instrument  Corp. 

464  Ellis  St 

Mountain  View,  CA  94040 

Attn:  Sec  Dept  Cor  2-233  D  K  Myers 

Fairchild  Industries,  Inc. 

Slierrmin  Fairchild  Technology  Center 
20301  Century  Boulevard 
Germantown,  MD  20767 
Attn:  Mgr  Config  Data  &  Standards 

Florida,  University  of 
P.  0.  Box  284 
Gainesville,  FL  32601 
Attn:  Patricia  B  Rambo 
Attn:  D  P  Kennedy 

Ford  Aerospace  &  Communications  Corp. 

3939  Fabian  Wav 

Pa  Lo  -t\a,co,  oA  '343uj 

Attn:  Edward  R  Hahn/MS-X22 

Attn:  Donald  R  McMorrow/MS-G30 

Attn:  Samuel  R  Crawford/MS-531 

Ford  Aerospace  &  Comm  Operations 
Ford  &  Jamboree  Roads 
Newport  Beach,  CA  92663 
Attn:  F  R  Poncelet  Jr. 

Attn:  Ken  C  Attinger 
Attn:  Tocli  Info  Section 


Franklin  Institute,  The 
20th  St  and  Parkway 
Philadelphia,  PA  19103 
Attn:  Ramie  H  Thompson 

Garrett  Corporation 

P.  0.  Box  92248,  9851  Sepulveda  Blvd 

Los  Angeles,  CA  90009 

Attn:  Robert  E  Weir/Dept  93-9 

General  Dynamics  Corp. 

Electronics  Div  Orlando  Operations 
P.  O.  Box  2566 
Orlando,  FL  32802 
Attn:  D  W  Coleman 

General  Electric  Company 

Space  Division 

Valley  Forge  Space  Center 

Goddard  Blvd  King  of  Prussia 

P.  0.  Box  8555 

Philadelphia,  PA  19101 

Attn:  Larry  I  Cbasen 

Attn:  John  L  Andrews 

Attn:  Joseph  C  Peden/VFSC,  Rm  4230M 

General  Electric  Company 

Re-Entry  &  Environmental  Systems  Div 

P.  0.  Box  7722 

3198  Chestnut  St 

Pliiladelphia,  PA  19101 

Attn:  Robert  V  Benedict 

Attn:  John  W  Palchefsky  Jr 

Attn:  Ray  E  Anderson 

General  Electric  Company 
Ordnance  Systems 
100  Plastics  Ave. 

Pittsfield,  MA  01201 

General  Electric  Company 
Tempo-Center  for  Advanced  Studies 
816  State  St  (P  0  Drawer  QQ) 

Santa  Barbara,  CA  93102 
Attn;  Royden  R  Rutherford 
Attn;  DASIAC 
Attn;  M  Espig 
Attn:  William  McNamera 


IBM  Corporation 

Route  17C 

Chjego,  NY  13827 

Attn:  Frank  Frankovsky 

Attn:  Harry  W  Mathers/Dept  M41 

Inti  Tel  &  Telegraph  Corp 
500  Washington  Ave 
Nutley,  NY  07110 
Attn:  Alexander  T  Richardson 

Ion  Physics  Corp. 

South  Bedford  St 
Burlington,  MA  01803 
Attn:  Robert  D  Evans 

IRT  Corp. 

P.  0.  Box  81087 
San  Diego,  CA  92138 
Attn:  MDC 

Attn:  Leo  D  Cotter 
Attn:  R  L  Hertz 

JAYCOR 

205  S.  Whitting  St,  Suite  500 
Alexandria,  VA  22304 
Attn:  Catherine  Turesko 
Attn:  Robert  Sullivan 

Johns  Hopkins  University 
Applied  Physics  Laboratory 
Johns  Hopkins  Road 
Laurel,  MD  20810 
Attn:  Peter  E  Partridge 

Raman  Sciences  Corp. 

P.  0.  Box  7463 

Colorado  Springs,  CO  80933 

Attn:  Jerry  I  Lubell 

.  -  -  • .j  r  T«r  a  g 

Attn:  John  R  Hoffman 
Attn:  Donald  H  Bryce 
Attn:  Albert  P  Bridges 
Attn:  W  Foster  Rich 

Litton  Systems,  Inc. 

Guidance  &  Control  Systems  Division 

5500  Canoga  Ave 

Woodland  Hills,  CA  91364 

Attn:  John  P  Retzler 

Attn:  Val  J  Ashby/MS  67 

Attn:  R  W  Maughmer 


Litton  Systems,  Inc. 

Electron  Tube  Division 
1035  Westminster  Drive 
Williamsport,  PA  17701 
Attn:  Frank  J  McCarthy 

Lockheed  Missiles  &  Space  Co.  Inc. 

P.  0.  Box  504 

Sunnyvale,  CA  94088 

Attn:  B  T  Kimura/Dept  81-14 

Attn:  E  A  Smith/Dept  85-85 

Attn:  George  F  Heath/Dept  81-14 

Attn:  Samuel  1  Taimuty/Dept  85-85 

Attn:  L  Rossi/Dept  81-64 

Lockheed  Missiles  &  Space  Co.  Inc. 

3251  Hanover  St 

Palo  Alto,  CA  94304 

Attn:  Tech  Info  Ctr  D/Coll 

M.I.T,  Lincoln  Laboratory 
P.  0.  Box  73 
Lexington,  MA  02173 

Attn:  Leona  Loughlin,  Librarian  A-082 

Martin  Marietta  Aerospace 

Orlando  Division 

P.  0.  Box  5837 

Orlando,  FL  32805 

Attn:  Jack  M  Ashford /MP-537 

Attn;  William  W  Mras/MP-413 

Attn:  Mona  C  Griffith/Lib  MP-30 

Martin  Marietta  Corp. 

Denver  Division 

P.  0.  Box  179 

Denver,  CO  80201 

Attn:  Paul  G  Kase/Mail  8203 

Attn:  Research  Lib  6617  J  R  McKee 

Attn:  J  E  Goodwin/Mail  0452 

Attn:  B  T  Graham/MS  PO-454 

McDonnel  Douglas  Corp. 

P.  0.  Box  516 
St  Louis,  MO  63166 
Attn:  Tom  Ender 
Attn:  Technical  Library 

McDonnel  Douglas  Corp. 

5301  Bolsa  Ave 
Huntington  Beach,  CA  92647 
Attn:  Stanley  Schneider 
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General  ILlectric  Company 
Aircraft  Engine  Business  Group 
Evendale  Plant  Int  H\^y  75  S 
Cincinnati,  OH  45215 
Attn:  John  A  Ellerhorst  E2 

General  Electric  Company 
Aerospace  Electronics  Systems 
French  Road 
Utica,  NY  13503 

Attn:  Charles  M  Hewison/Drop  624 
Attn:  W  J  Patterson/Drop  233 

General  Electric  Company 
P,  0.  Box  5000 
Binghamton,  NY  13902 
Attn:  David  W  Pepin/Drop  160 

General  Electric  Company-Tempo 
c/o  Defense  Nuclear  Agency 
Washington,  DC  20305 
Attn:  DASIAC 
Attn:  William  Alfonte 

General  Research  Corporation 
P.  0.  Box  3587 
Santa  Barbara,  CA  93105 
Attn:  Robert  D  Hill 

Georgia  Institute  of  Technology 
Georgia  Tech  Research  Institute 
Atlanta,  GA  30332 
Attn:  R  Curry 

Grumman  Aerospace  Corporation 
South  Oyster  Bay  Road 
Bethpage,  NY  11714 
Attn:  Jerry  Rogers/Dept  533 

Electronics  Systems  GRP-Eastern  Div 
77  A  St 

Needham,  MA  02194 

Attn:  Charles  A  Thornhill,  Librarian 
Attn:  James  A  Waldon 
Attn:  Leonard  L  Blaisdell 

GT  E  Sy  1  van  ia ,  Inc . 

189  H  St 

Needham  Heights,  MA  02194 
Attn:  Paul  B  Fredrickson 
Attn:  Herbert  A  Ullman 
Attn:  H  4  V  Group 
Attn:  Charles  H  Ramsbottom 


Gulton  Industries,  Inc. 

Engineered  Magnetics  Division 
13041  Cerise  Ave 
Hawthorne,  CA  90250 
Attn:  Engnmagnetics  Div 

Harris  Corp. 

Harris  Semiconductor  Division 
P.  0.  Box  883 
Melbourne,  FL  32901 
Attn;  Wayne  E  Abare/MS  16-111 
Attn:  Carl  F  Davis/MS  17-220 
Attn:  T  L  Clark/MS  4040 

Hazeltine  Corp. 

Pulaski  Rd 

Greenlawn,  NY  11740 

Attn:  Tech  Info  Ctr/M  Waite 

Honeywell  Inc. 

Avionics  Division 
2600  Ridgeway  Parkway 
Minneapolis,  MN  55413 
Attn:  Ronald  R  Johnson/A1622 
Attn;  R  J  Kell/MS  S2572 

Honeywell  Inc. 

Avionics  Division 
13350  US  Highway  19  North 
St  Petersburg,  FL  33733 
Attn:  H  H  Noble /MS  7 2 5-5 A 
Attn:  S  H  Graaff/MS  725-J 

Honeywell  Inc. 

Radiation  Center 
2  Forbes  Road 
Lexington,  MA  02173 
Attn:  Technical  Library 

Hughes  Aircraft  Company 
Centinela  and  Ttale 
Culver  City,  CA  90230 
Attn:  Dan  Binder/MS  6-D147 
Attn:  Billy  W  Campbell/MS  6-E-llO 
Attn;  Kenneth  R  Walker/MS  D157 
Attn:  John  B  Singletary /MS  6-D133 

Hughes  Aircraft  Co.,  El  Segundo  Site 

P.  0.  Box  92919 

Los  Angeles,  CA  90009 

Attn;  William  W  Scott/MS  A1080 

Attn:  Edward  C  Smith/MS  A620 
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McDonnel  Douglas  Corp. 

3855  Lakewood  Boulevard 
Long  Beach,  CA  90846 
Attn:  Technical  Library,  Cl-290/36-84 
/ 

Mission  Research  Corp. 

735  State' St 

Santa  Barbara,  CA  93101 

Attn:  ’.'.'illiam  C  Hart 

Mission  Research  Corp. -San  Diego 

P.  0.  Box  1209 

La  Jolla,  CA  92038 

Attn:  V  A  J  Van  Lint 

Attn:  J  P  Raymond 

The  MITRE  Corp. 

P.  0.  Box  208 
Bedford,  MA  01730 
Attn:  M  E  Fitzgerald 
Attn:  Library 

National  Academy  of  Sciences 
2101  Constitution  Ave,  NW 
Washington,  DC  20418 

Attn:  National  Materials  Advisory  Board 
Attn:  R  S  Shane,  Nat  Materials  Advsy 

University  of  New  Mexico 
Electrical  Engineering  &  Computer 
Science  Dept 
Albuquerque,  tiM  87131 
Attn:  }larold  Southward 

Northrop  Corp. 
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